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Preface 
 
 
The presented study addresses a clinical problem in dentistry. The problem concerns the 
occurrence of complete fracture of a cusp (prominence on the crown of a tooth) of premolars with 
existing Class II restorations, and the required treatment after cusp fracture. The aim of this project 
was to develop restorative procedures for adhesive cusp-replacing restorations with regard to 
cavity geometry, materials and procedures to be used, and to investigate the clinical performance 
of such restorations. For this purpose, in vitro load tests, finite element analyses and clinical 
studies were performed. 
The study was performed at the department of Preventive and Curative Dentistry and the 
department of Oral Function and Prosthetic Dentistry of the College of Dental Science of the 
Radboud University Nijmegen Medical Centre. Historically, the research of the first department 
focused on direct techniques for restorative procedures, while the latter department focused on 
indirect techniques. Using the knowledge and experience of the two departments, both the direct 
as well as the indirect adhesive cusp-replacing restoration were investigated in this study in 
collaboration with the Orthopaedic Research Laboratory of the Radboud University Nijmegen 
Medical Centre. The extent of the study has led to two theses that are highly interrelated. 
Therefore, the theses are presented in conjunction. All chapters in this booklet are a product of 
cooperation. The author(s) statements at the title page of each chapter indicate(s) the responsible 
scientist(s). 
To clarify the relations between the different parts of the study and the relations between 
the two theses, their background, relevance and objectives are described in a common General 
Introduction. Furthermore, it is indicated to which of the theses each chapter belongs. 
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4 
Abstract 
 
 
This chapter provides a brief literature overview of the background and the rationale for the cusp-
replacing adhesive restoration as a minimal invasive treatment alternative for the conventional 
crown. The research techniques used in the study are presented. In addition, the objectives of the 
study and an outline of the theses are described. 
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Introduction 
 
 
The main reason to make dental restorations is to treat caries and to replace the carious tooth 
tissue by a restorative material. Ideally, the restoration must be retained in the cavity, seal the 
exposed dentin and thereby protect the tooth from further decay. In small cavities this is relatively 
easy to achieve by application of the acid etch technique that was introduced by Buonocore.1 This 
technique results in a reliable bond of the restorative material to the tooth surface and allows the 
making of restorations without the necessity to remove additional tooth material for the benefit of 
retention. Especially in larger cavities, where not only the caries has to be removed but also the 
function of the tooth has to be restored, retention by adhesion can be applied to maintain the 
integrity of the tooth. In contrast to resin bonded restorations, amalgam restorations require macro-
mechanical retention. To meet the requirements of this restorative material, substantial amounts of 
tooth tissue have to be removed, thereby putting the tooth integrity at risk. This may result in cusp 
fracture of posterior teeth. 
Cusp fractures of teeth with amalgam restorations are frequently observed problems in 
dental practice.2 Fracture of the tooth was mentioned as a reason for replacement of Class II 
amalgam restorations in 10% of the cases.3 In an epidemiological study, cusp fracture was 
observed in 14% of the patients with an age above 45 years.4 In a pilot study on the incidence of 
cusp fracture, a fracture rate of 44 per 1,000 person-years at risk was reported.5 An expanded 
study from the same research group revealed an incidence rate of 71 per 1,000 person-years at 
risk.6 Higher fracture rates can be anticipated in endodontically treated posterior teeth.7-9 In 
addition, the restorative material seems to have an influence on the occurrence of cusp fracture. 
For instance, nearly one third of endodontically treated premolars with a Class II amalgam 
restoration fractured within the first three years of their functioning, while non of the premolars with 
a resin composite restoration did.7 In contrast to these findings, a recent study on the prevalence of 
cusp fractures revealed no statistically significant difference in the prevalence of cusp fracture in 
teeth restored with either of these materials (1.9% for amalgam and 2.3% for resin composite).10 
No data could be obtained from the literature with regard to the incidence of cusp fracture in the 
Netherlands. 
Many factors contribute to the fracture of teeth, such as the presence of a carious lesion, 
cavity size and geometry, and history of endodontic treatment.11,12 In restored teeth, cuspal 
deflection under load increases with increasing cavity size13-15 and is highest in combination with 
endodontic access.14 The more surfaces restored and/or the wider the isthmus, the greater the 
chance of fracture of a cusp.14,16 A recent study revealed that a high ratio of restoration to total 
crown volume can be considered as an important indicator of elevated fracture risk.17 In addition, 
differences in size between buccal and lingual cusps, especially after cavity preparation, have a 
relationship to the fracture potential of cusps.14,16,18 With regard to the influence of restorative 
material, it was reported that resin composite reduces cuspal deflection under load for 
endodontically treated teeth when compared to amalgam.19 In another study on endodontically 
treated teeth with Class II restorations, it was found that resin composite with dentin bonding 
system restored the tooth to a cusp fracture resistance that did not differ from sound teeth, while 
the fracture resistance of amalgam and sandwich glass ionomer/resin composite restorations was 
significantly less.20 However, other studies reported that there was no significant difference in 
resistance to fracture between Class II amalgam and resin composite restorations.21,22  
The traditional treatment after cusp fracture in premolars is to restore the teeth with metal 
or porcelain-fused-to-metal (PFM) crowns. Although the crowns generally show long clinical 
services, some drawbacks come forward. Conventional crown preparation requires the additional 
removal of sound tooth tissue, thereby increasing the risk for complications for the teeth and the 
periodontal tissues. These complications may be prevented by using onlays (partial crowns), but 
also this type of restoration shows some serious disadvantages.23 Moreover, crown treatment is 
costly because the dental technician is involved in the manufacturing and at least two treatment 
sessions are required before the crown can be inserted. As a consequence, simpler and more 
cost-effective therapies are required. In molar teeth, cusp-replacing amalgam restorations have 
shown to be a viable alternative for crowns. A survival rate of 88% after 100 months was 
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published.24 These restorations can be made in one treatment session and are less expensive. 
The nature of amalgam requires, however, sufficient bulk and consequently removal of tooth 
tissue, especially when unsupported enamel is present. Due to poor esthetics amalgam is not 
appropriate to replace cusps in the visible areas of the mouth. 
The last few decades, adhesive techniques have become available, which are based on 
principles of micro-mechanical retention. The need to remove sound dental tissue for the benefit of 
retention was thereby diminished. The major benefit of the application of adhesive techniques in 
restorative dental care is the possibility to provide minimal invasive treatment. In fact minimal 
invasive treatment goes hand in hand with adhesive dentistry.25 It is therefore expected that pulpal 
and periodontal complications of restorations can be reduced. Additionally, restorative materials 
suitable for bonding, such as an (in)direct resin composite and porcelain, are generally tooth-
colored which enhances application in the visible areas of the dentition. Case reports indicate 
adhesive restorative materials to be promising, less expensive alternatives for crowns in 
premolars.26 
The clinical performance of adhesive restorations in posterior teeth was particularly studied 
for cavities of limited size. In a study of 68 box-only resin composite restorations, no failures were 
observed after 2.5 years.27 In a review of the clinical survival of standard Class I and Class II 
restorations in posterior teeth, satisfactory mean annual failure rates of 2.2% for direct resin 
composites, 2.9% for resin composite inlays and 1.9% for ceramic restorations were reported.28 
Survival rates for adhesive Class II restorations from longitudinal studies with a minimal 
observation period of five years, ranged from 59% to 98% (Table 1-1).29-33 The performance of 
extensive adhesive restorations in the posterior region was also subject of study. For restorations 
with extensive dentin/enamel bonded ceramic coverage, a failure rate of 7.1% after five years was 
reported.34 Furthermore, a prospective clinical study of direct composite buildup restorations in 
endodontically treated teeth reported a survival rate of 100% after five years.35 Based on the 
satisfactory clinical performance of Class II and extensive restorations in the posterior region, it is 
expected that adhesive cusp-replacing restorations in premolars can offer satisfactory clinical 
performance as well. However, no clinical data are available with regard to the performance and 
longevity of adhesive cusp-replacing restorations. 
 
 
Table 1-1. Upper and lower extremes of reported survival rates for adhesive Class II restorations after five years 
minimum* 
 
Restoration 
type 
 
Study 
 
 
Material 
 
 
Restorations 
(n) 
 
Follow-up 
period (years) 
Survival 
rate (%) 
 
 
Direct resin 
Nordbo et al 
(1998)29 
Ful-Fil 17 7 59 
Composite 
 
 
Mair (1998)30 
P-30, Occlusin, 
Clearfil Posterior 
56 10 93 
 
Indirect resin 
 
Pallesen & 
Isosit 27 11 78 
Composite 
 
Qvist (2003)31 
 
Estilux 27 11 89 
 
Ceramic 
Molin & 
Karlsson 
(2000)32 
Empress 20 5 80 
 Otto (1995)33 Cerec 62 5 98 
* For a complete overview see Manhart et al (2004)28 
 
 
Extensive adhesive Class I and II restorations can be made by a combination of macro- 
and micro-mechanical retention. In general, the possibilities to create macro-mechanical retention 
are reduced by an increase of cavity size. With a decrease of macro-mechanical retention, 
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restorations depend more on micro-mechanical retention as provided by the adhesive techniques. 
Moreover, creating macro-mechanical retention by additional cavity preparation weakens the tooth. 
In contrast to the provision of macro-mechanical retention, the application of extensive adhesive 
restorations in cases with minimal macro-mechanical retention or resistance was described.36 In 
advance of a large-scale introduction of adhesive cusp-replacing restorations to daily practice, data 
are required with regard to their clinical performance. 
Even more profound than the lack of data with regard to clinical performance of adhesive 
cusp-replacing restorations is the absence of guidelines with regard to the cavity preparation 
design, restorative materials and procedures to be used. From a biological point of view the design 
of the restoration would be optimal if one could rely solely on the adhesion to the remaining tooth 
surfaces. From a mechanical point of view however, additional cavity preparation may be 
necessary by including retention and resistance forms for the restoration. At this moment, there is 
not much evidence to provide the clinician with information regarding the desired cavity geometry 
or the materials to be chosen for the restoration. Important features of the restorative materials are 
handling characteristics and fracture resistance for the resulting restoration. In this respect, the 
treatment technique (either direct or indirect) is of importance. It was stated that direct resin 
composite restorations are preferred over indirect resin composites for reasons of minimal 
intervention37 and better adhesive strength.38,39 However, indirect techniques are advocated to 
overcome problems related to shrinkage40 and depend less on the operator's clinical skills, needed 
to reestablish the required anatomical form. 
All these aspects of cavity preparation design and restorative procedures can be 
investigated in vivo. However, variation in these aspects in a clinical trial is restricted and 
differences in results will probably only show up after a long period of evaluation. Possibilities for 
clinical studies are limited both by organizing and ethical aspects. Furthermore, while failure 
characteristics can be observed in clinical studies, the failure mechanism remains most of the 
times unclear. In vitro research techniques might be more effective in finding answers. 
Experimental in vitro load tests and finite element analysis can provide directions in order to 
determine the cavity and restoration configuration for clinical application. Once the optimal 
configuration of adhesive cusp-replacing restorations in premolars is determined, the clinical 
performance can be investigated in a controlled clinical trial. 
 
 
In vitro load tests 
 
 
Material properties can be investigated with experimental in vitro load tests with reported methods. 
These tests can also be used to evaluate construction designs with regard to mechanical 
characteristics and failure behavior (Fig 1-1). In comparison with tests of materials, tests of 
constructions are complicated due to variation in design of the construction. This also applies to 
the testing of cusp-replacing restorations for clinical application. Therefore, choices have to be 
made for the set up of a load test with regard the test specimens to be used and the typical 
configuration tested. Furthermore, the method of load application has to be chosen. 
 
Test specimens 
 
Cavity and restoration designs can be tested with abstract models. A closer simulation of the 
clinical situation can be obtained by using extracted human teeth. A drawback of the use of natural 
teeth may be that standardization of test specimens is difficult. Several methods to standardize test 
specimens of extracted teeth were described. One method is to use standard burrs and to 
measure the dimensions of the cavity after cavity preparation.41 With this method an indication of 
the similarity of cavity preparations can be obtained. However, a complete standardization cannot 
be realized. Another method is to grind standard preparations in human teeth with a fixed set up 
for the burr and the teeth to be grinded.42 With this method identical preparations can be obtained, 
especially  for relatively simple cavity designs. Finally, the use of a copy-milling device offers a 
method to obtain standard preparations.43 The copy-milling technique was originally designed to 
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manufacture inlays.44 As the other methods, this method can be considered as a laborious one. 
With the latter however, also more complex cavity designs can be copied with a higher 
reproducibility. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Fig 1-1. Schematic illustration of a restored 
upper premolar during a load test. 
 
 
Load application 
 
The applied load can be either static or dynamic. With static load tests, fracture resistance and 
failure modes of test specimens can be assessed in a relatively short period of time.19,20 A 
disadvantage of static load tests may be that constructions have little time to adapt to the applied 
load. Furthermore, the effect of dynamic loads resulting in fatigue of the restorations in the clinical 
situation cannot be simulated by static load application. 
Dynamic load tests can be used to test the fatigue resistance of constructions.45 This is 
especially useful if failure in the clinical situation is principally caused by fatigue loads. A 
disadvantage of dynamic load tests is that they do not reveal information about failure behavior in 
case the test specimens do not fail with in the maximum number of loading cycles. Furthermore, 
dynamic load tests are time-consuming. For example, a fatigue test of 100,000 load cycles at 5 Hz 
will take more than 5.5 hours. 
   
Interpretation of results 
 
Results of load tests are usually presented in terms of mean load values with the corresponding 
standard deviations. This is a common method for presenting the results of static load tests. 
Another method is the calculation of cumulative fracture probability as function of applied load with 
the Weibull analysis.46-48 This analysis provides an estimate of the probability of failure at a given 
load level. 
In correspondence to the presentation of mean fracture loads for static load tests, the 
results of dynamic load tests can be analyzed by presenting the mean number of load cycles with 
their standard deviations. An additional possibility of fatigue tests is to increase the applied load at 
different phases of the test. In this specific situation, life tables provide more appropriate 
information than the mean numbers of load cycles. 
In summary, load tests offer several possibilities to test mechanical characteristics of 
construction designs. However, in order to be able to investigate the load resistance of structures, 
axis tooth
LOAD
450
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scale models or lifelike simulations are almost always necessary. As a consequence this research 
is time-consuming and requires a lot of material and labor. For this reason simpler and more 
standardized material research techniques are required. 
 
 
Finite Element Analysis 
 
 
Studies that investigate the strength of structures often use the finite element method. With this 
computer simulation technique stresses can be calculated that develop in a structure in case a 
load is applied (Fig 1-2). On the basis of the level and the location of the stresses, expectations 
can be made about possible failure of the structure. 
The main advantage of this research method is that the influence of different geometrical 
designs on the load resistance can be calculated relatively easy. In addition, modifications of some 
characteristics of the properties of applied materials can be assessed. This gives an idea to the 
researcher about the practical feasibility of the design. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1-2. 3-D finite element model of an upper premolar with a cusp-replacing resin composite restoration. 
 
 
Background  
  
The principle of the finite element method is that a structure is divided into bricks (elements) that 
are connected to each other at the corners (nodal points). Subsequently, material properties can 
be assigned to the elements. These properties can be different for each individual element. When 
load is applied, internal stresses and displacements can be calculated for each element. The 
calculation for the structure is realized by considering the stresses of all individual elements, which 
results in the reaction of the structure as a whole to an applied load. 
Besides saving of test samples and the possibility to change the material properties and the 
geometry, the FE method has another advantage. The method facilitates a clear parameter 
analysis; it is possible to change only one variable in the simulation, like the stiffness of the 
material, and to analyze the effect on possible failure. With load tests this possibility is limited and 
after the test the specimen cannot be used anymore. Furthermore, when load is applied the FE 
method shows internal stresses of the structure, which often cannot be measured experimentally. 
These stresses may facilitate understanding of the failure mechanisms under load. 
The FE principle was first described in 1943.49 The application of the FE method for 
structural (aircraft) analysis was first reported in 1956.50 The definition “finite element” was laid 
down in 1960.51 Simulations with the FE method depend on the available computer capacity. Until 
the early 70’s of the 20th century, FE analyses were limited to expensive mainframe computers as 
applied in aircraft industry. With the decline in costs of computers and the increase of computing 
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capacity, FE has developed to a commonly applied research method for various technical 
purposes. 
 
FE model generation 
 
In order to be able to analyze a structure with an FE model, data are required with regard to the 
geometry of the structure. At the same time the researcher has to make a choice out of different 
shapes for the elements, the material properties, and the applied load. 
With geometrical data, two-dimensional (2-D) and three-dimensional (3-D) models can be 
generated. Two-dimensional models are relatively simple and can be analyzed on a standard 
personal computer. However, for analysis of complex, asymmetrical structures, 2-D models cannot 
provide accurate results. For these complex structures, the real geometry in three dimensions is 
necessary. In some cases axi-symmetric models can be an alternative for 3-D models. 
Regarding FE research on adhesive cusp-replacing restorations, variations of cavity shape 
and geometry of retention features seem to be important. These are 3-D problems; consequently 
2-D and axi-symmetric FE models that were applied in the past few decades52-55 are considered to 
be a global approximation of reality and the results produced with these models should be 
interpreted with great care. While a detailed 3-D FE model may be used, the method of data 
acquisition should be adapted since current methods show limitations. Examples of those methods 
are external contour scanning,56 sectioning of the specimen,57 taking data from an anatomical 
atlas,58 and manually tracing of computer tomographic (CT) scans.59 The limitations refer to time-
consuming procedures, moderate resolution, or lack of information on the internal structures. 
Different shapes can be chosen for the elements. These shapes have arithmetical 
consequences and the shape can be adapted depending on the applied load. The structure can be 
divided into a finite number of elements. The density of elements depends on the expected stress 
patterns in a specific area. The accuracy of FE calculations improves with increasing number of 
elements and nodal points. However, the processing time for the FE calculation increases 
exponentially with the number of nodal points. Hence, in most cases a compromise is made 
between accuracy and acceptable processing efforts. 
To be able to perform calculations with the FE model, data about the Young’s modulus 
(modulus of elasticity) and the Poisson’s ratio (ratio of deformations in different directions) are 
necessary. When these are determined, stresses of a construction under load can be calculated. 
Furthermore, data about the strength of materials and of their interfaces are necessary to be able 
to estimate the consequences of the calculated stresses for possible failure. 
External load is simulated by applying a load to the nodal points at the surface of the 
structure. The magnitude, the direction and the loaded area can be changed. In addition, dynamic 
time-dependent processes can be simulated with the FE method. This facilitates for example the 
calculation of polymerization shrinkage stresses. 
 
Interpretation of results 
 
Like in vitro load tests, FE analysis can be considered as an approximation of reality. With FE 
analysis usually stresses are calculated, not failure. The results are often based on the analysis of 
only one model and the biological variation is lacking. The reliability of analyses with the model 
(the output) depends on the chosen characteristics of the model (the input). The latter is 
dependent on geometric detail, and on availability of material properties and the reality of the 
applied load. 
 
 
Clinical studies 
 
 
Clinical studies can be performed to investigate the characteristics of a clinical problem and to 
estimate its prevalence and incidence. Furthermore, effect of treatments can be investigated with 
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intervention studies such as case studies, retrospective case series analyses and prospective 
randomized controlled clinical trials. 
 
Epidemiological studies 
 
It was stated that complete cusp fracture of posterior teeth is a common phenomenon in dental 
practice. However, no data are available on the incidence of cusp fracture in general practices in 
The Netherlands. A large epidemiological study in The Netherlands, the Dutch National Dental 
Survey (DNDS-study) that was performed in the late nineteen-eighties, reported on several dental 
particularities including dental status and treatment needs, but did not report data on the specific 
situation of cusp fracture or cusp-replacing restorations in posterior teeth.60 
 
Case study and case series analysis  
 
In the case study, a patient is treated and carefully observed. For the particular situation of cusp-
replacing restorations, the possibilities of adhesive dentistry have been shown in several case 
reports.26,36 The case study should be considered a quasi-experimental design. It is not a true 
experiment because the patient is not selected randomly and there is no control group. It 
resembles an experiment in that a treatment is applied.61 
Similar to the case report is the case series analysis. A case series analysis is a 
retrospective study of case records that are usually gathered in one institution or practice. The 
case series suffer from the same shortcomings as the case report. Another problem is that with the 
passage of time, patients are exposed to many different treatments, and it can be difficult to 
determine which of the many possible causes were related to the final effect.61 
 
Randomized controlled clinical trial 
 
It has become widely recognized that the prospective randomized controlled clinical trial (RCT) 
provides the only reliable basis for evaluating the effect of a treatment on patients.62 Furthermore, 
RCTs are used as data for a systematic review, which is the strongest available level of 
evidence.63 While the extensive amalgam restoration was studied in a randomized clinical trial, the 
adhesive cusp-replacing restoration in premolars was not yet studied at this level of evidence.24 In 
a RCT the experimental group receives treatment, while the control group gets nothing (negative 
control), conventional treatment (active control), or a placebo.61 Randomization is the control 
technique whereby each patient has an equal probability of being included in a given treatment 
group.61 Randomized comparison of treatments may appear contrary to the need for the clinician 
to give every patient the best possible care. However, without randomization it is very difficult to 
obtain a reliable assessment of treatment efficacy.62 
 
Interpretation of results 
 
A clinical trial can be performed in a university setting or in general dental practices. High success 
rates of dental restorations made in university clinics may implicate an overestimation of what is 
achievable in general practice due to possible differences in treatment circumstances.61,64 On the 
other hand, studies performed in general practices are difficult to control, due to the variety in 
clinical procedures between clinicians and difficulties following the protocol due to practice 
circumstances. This may result in unreliable observations. Therefore, a study in a university setting 
is appropriate to estimate the clinical outcome under controlled circumstances when data with 
regard to clinical performance are lacking at all. A study in general practices can succeed the 
randomized clinical trial. 
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Objectives of the study 
 
 
The general objective of the present study was to develop reliable clinical procedures for adhesive 
cusp-replacing restorations and to investigate the clinical performance of these restorations as a 
treatment option for premolars with cusp fracture next to an existing Class II restorations. Main 
questions in this respect are: 
 
1) Can we rely solely on the adhesion to the remaining tooth surfaces that are exposed after cusp 
fracture or do we need to alter the restoration by means of cavity preparation? 
 
2) Which are the optimal restorative procedures for successful adhesive cusp-replacing 
restorations? 
 
The following specific questions are posed: 
a) What is the incidence of cusp fractures in posterior teeth in Dutch general dental practices? 
b) Are retention and resistance forms in the cavity preparation necessary to improve the fracture 
resistance of cusp-replacing resin composite restorations? 
c) Is palatal cuspal coverage desirable for Class II resin composite restorations with replacement 
of the buccal cusp in premolars? 
d) Do restorative materials and techniques for adhesive cusp-replacing restorations differ with 
respect to fracture resistance and mechanical stresses? 
e) What is the clinical performance of adhesive cusp-replacing restorations? 
 
 
Outline of the theses  
 
 
The overture of this project is a study that was performed to estimate the incidence of complete 
cusp fractures of posterior teeth in general practices in The Netherlands. The results of this study 
are described in Chapter 2. The potential effects of cavity preparation designs were investigated by 
in vitro load tests and finite element analyses. The results of these studies are described in 
Chapter 3 to 6. Chapter 3 describes a study conducted to assess the potential positive influence of 
additional shoulder preparation on the fracture strength of cusp-replacing adhesive restorations. A 
study that investigated the effect of cuspal coverage of the intact palatal cusp on the fatigue 
resistance and failure mode of restorations with replacement of the buccal cusp is presented in 
Chapter 4. Chapter 5 describes the development of a micro CT based 3-D FE model of an upper 
premolar with a cusp-replacing resin composite restoration. Chapter 6 presents a study that aims 
to explore and compare the results of occlusal load application to cusp-replacing resin composite 
restorations, studied by means of FE analysis and in vitro load tests. 
Aspects with regard to materials and procedures used for the restorative process are 
described in Chapter 7 to 10. The simulation of the polymerization process of resin composite with 
the 3-D FE model of the cusp-replacing restoration is described in Chapter 7. Chapter 8 presents a 
3-D FE analysis of shrinkage stresses for different restorative procedures for these restorations. 
Chapter 9 provides information on the influence of different materials (direct resin composite, 
indirect resin composite and ceramic) on the fatigue resistance and failure mode of cusp-replacing 
restorations. The potential benefit of fiber reinforcement of resin composite on the fracture strength 
and failure mode of restorations with replacement of the buccal cusp and palatal cuspal coverage 
is described in Chapter 10. 
The findings of the in vitro load tests and the FE studies were implemented in a clinical trial. 
Chapter 11 provides information on the design of the clinical trial and on details of the patients 
involved. The baseline results of this clinical trial are presented in Chapter 12. Finally, Chapter 13 
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discusses the findings of the different parts of this study in summary and the relations between the 
results, presents some conclusions and provides some suggestions for future research in this field. 
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Abstract 
 
 
This study was conducted to expand the knowledge on the incidence of complete cusp fracture of 
posterior teeth in Dutch general practices. During a 3-month period, data were obtained from 28 
general practitioners, representing 46,394 patients. For each new case of complete cusp fracture, 
clinicians recorded information using a standard form with questions relating to location of the 
fracture, cause of fracture, and restorative status of the tooth prior to the cusp fracture. There were 
238 cases of complete cusp fracture recorded. The results of this study indicate an incidence rate 
of cusp fractures of 20.5 per 1,000 person-years at risk. Molars were more frequently registered 
with cusp fractures than premolars (79% vs 21%). Maxillary molars presented more fractures of 
buccal cusps (66% vs 34%), while mandibular molars presented more fractures of lingual cusps 
(75% vs 25%). Almost 77% of the cases had been restored on three or more surfaces. Statistical 
analysis revealed a positive correlation between history of endodontic treatment and subgingival 
fracture location. Mastication was most frequently reported as the cause for fracture (54%), 
although one can argue whether the occlusal force was the cause or the immediate reason. This 
study revealed that complete cusp fracture is a common phenomenon in dental practice and has 
shown differences in cusp fracture with respect to tooth type and restorative status of the tooth. 
Teeth with a history of endodontic treatment are susceptible to unfavorable subgingival fracture 
locations. 
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Introduction 
 
 
Complete cusp fracture of posterior teeth is a frequent problem in dental practice.1,2 A fracture rate 
of 4.4 per 100 adults per year was reported.1 That study, however, was considered a preliminary 
one, since it was conducted for only 2 weeks. In a study of reasons for replacement of Class II 
amalgam restorations, 10% of the restorations were replaced because of fracture of the tooth.3 It 
was not clear what kind of fractures were being described; they could be enamel or dentin 
fractures, with or without the loss of parts of the tooth. In cases of loss of tooth material because of 
rupture of an entire cusp, a restoration is definitively needed. In this typical situation of complete 
cusp fracture, a recently published study reported an incidence rate of 71 per 1,000 person-years 
at risk.4 Higher fracture rates can be anticipated in endodontically treated posterior teeth.5–7 For 
instance, in endodontically treated maxillary premolars restored with a MOD amalgam restoration, 
it was reported that nearly one third fractured within the first 3 years.6 
Many factors seem to contribute to the fracture of teeth, such as caries, cavity preparation, 
and geometry or history of endodontic treatment.8,9 In restored teeth, cuspal deflection under load 
increases with increasing cavity size10-12 and is greatest following endodontic access.11 The more 
surfaces restored and/or the wider the isthmus, the greater the chance of fracture of a cusp.8,13 In 
addition, cusp anatomy has a relationship to the fracture potential of cusps.8,13,14 Thus, it is likely 
that the restorative status of the tooth has an influence on the incidence of cusp fracture; in 
populations of general practices with many restored dentitions, we expect cusp fracture of 
posterior teeth to be a common phenomenon. 
Although we have strong suggestions from the dental field that this phenomenon is a 
frequent problem, to the authors’ knowledge, few data are available on its incidence. The aim of 
this study was therefore to expand the knowledge on the incidence of complete cusp fractures of 
posterior teeth in Dutch general practices. To describe characteristics of this condition, information 
was gathered about fracture location, cause, restorative status of the tooth prior to fracture, and 
history of endodontic treatment. 
 
 
Material and methods 
 
 
At a regular meeting of the Nijmegen Dental Society, the present clinicians (n = 56) were asked to 
participate in this study. Twenty-eight clinicians responded, representing 46,394 regular attending 
patients from different parts of the Nijmegen region. The clinicians were distributed over 20 
practices. Table 2-1 shows information about the sample of practices included in this study. 
 
 
Table 2-1. Characteristics of the studied clinicians and practices related to the average Dutch practice* 
 
 
 
No. 
patients 
No. of years since clinician 
graduated 
No. of years since start 
practice 
Current sample of 
practices 
2320 
(1656) 
21 (8) 19 (8) 
Average Dutch practiceº 
2597 
(1718) 
20 (7) 17 (8) 
*Standard deviations in parentheses. 
ºAdapted from Bruers and Van Rossum.15  
 
 
During 3 months (February to April 2000), the clinicians recorded information using a 
standard form. For each new case of complete cusp fracture of posterior 
teeth that presented in their practices, the following information was noted: (1) age of the patient; 
(2) gender of the patient; (3) tooth number; (4) cusp fractured (buccal, lingual, or both cusps); (5) 
supra- or subgingival fracture location; (6) number of restored surfaces 
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in tooth prior to fracture; (7) restorative material present in tooth prior to fracture; (8) history of 
endodontic treatment (yes or no); and (9) cause of the fracture. For cause of the fracture, the 
following categorization was made: mastication, trauma, caries, bruxism, iatrogenic, other causes, 
or unknown. 
An analysis of the data was performed to estimate the incidence rate of complete cusp 
fracture of posterior teeth and the corresponding confidence intervals. The influences of possible 
etiologic factors were analyzed by using the binomial test and the chi-square test at a 5% level of 
significance. The analyses were performed with SPSS, version 10.0, for Macintosh. 
 
 
Results 
 
 
A total of 238 cases of complete cusp fracture of posterior teeth were registered during the 3-
month period. There were 11,599 (1/4 of 46,394) person-years at risk. This revealed that the 
incidence rate of complete cusp fractures was 20.5 per 1,000 person-years at risk. The 95% 
confidence interval for the incidence rate ranged from 18.0 to 23.5 per 1,000 person-years at risk. 
During the 3-month period in one practice, no cases 
of cusp fracture were registered, while the highest registered incidence rate in one practice was 
60.8 complete cusp fractures per 1,000 person-years at risk. 
The mean age of the patients with complete cusp fracture was 44 years (range 21 to 79 
years). More women than men were involved (59% vs. 41%; p =0.01). Table 2-2 shows the cusp 
fractures distributed by tooth type and type of cusp. No statistically significant difference was found 
between the number of fractures occurring in the maxilla or the mandible (45% vs. 55%; p =0.21). 
Molars were more frequently registered with complete cusp fractures than premolars (79% vs. 
21%; p <0.001). The difference between molars and premolars was most pronounced in the 
mandible (69% vs. 31% for the maxilla, and 88% vs. 12% for the mandible; p =0.001). No 
statistically significant difference could be found between fractures of buccal and lingual cusps in 
maxillary and mandibular premolars. However, maxillary molars presented more fractures of 
buccal cusps (66% vs. 34%; p =0.013), while mandibular molars presented more fractures of 
lingual cusps (75% vs. 25%; p <0.001). 
 
 
Table 2-2. Distribution of complete cusp fractures according to tooth and cusp type* 
 
Tooth type Buccal cusps Lingual cusps Buccal and lingual cusps Total 
Maxillary premolars 13 15 1 29 
Mandibular premolars 6 8 0 14 
Maxillary molars 43 22 1 66 
Mandibular molars 25 74 1 100 
Total 87 119 3 209 
*There were 209 valid cases; 29 cases were excluded, as cusp fracture was not indicated. 
 
 
Table 2-3 shows that mastication was reported as the most frequent cause of fracture 
(54%), while in nearly one third of the cases the cause was unknown. Other related causes formed 
a minority of the cases. Examination of restoration type prior to fracture of the teeth revealed that a 
preponderance of complete cusp fractures were associated with teeth that had been restored on 
three or more surfaces. Almost 77% of the cases were restored by such a large restoration (Table 
2-4). Of all teeth, 88% had an amalgam restoration prior to fracture. 
Of all fractured teeth, 16% had a history of endodontic treatment (Table 2-5). A history of 
endodontic treatment was seen most often in fractured maxillary premolars (nine of 26; 35%), 
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while fractured mandibular molars presented the lowest percentage of endodontically treated teeth 
(nine of 86; 10%). This difference in percentages was statistically significant (p =0.015). Of the 
fractured teeth without endodontic treatment, 91% showed a supragingival fracture location, 
compared to 9% with a subgingival fracture location (p <0.001). For endodontically treated teeth, 
no statistically significant difference was observed between supra- and subgingival fractures (61% 
vs. 39%; p =0.28). Thus, endodontically treated teeth seemed to be more susceptible to a 
subgingival fracture location than teeth without endodontic treatment. This positive association (p 
<0.001) between history of endodontic treatment and subgingival fracture location is shown in 
Table 2-5 (“all teeth”). 
 
 
Table 2-3. Causes of complete cusp fracture* 
 
Cause N % 
Mastication 113 54 
Trauma 12 6 
Caries 2 1 
Bruxism 1 0 
Other 12 6 
Unknown 68 33 
Total 208 100 
*There were 208 valid cases; 30 cases were excluded, as cause was not indicated. 
 
 
Table 2-4. Complete cusp fracture in relation to restored surfaces* 
 
Tooth 
type 
One restored 
surface 
Two restored 
surfaces 
Three restored 
surfaces 
Four or more restored 
surfaces 
Premolars 0 4 37 2 
Molars 16 28 85 36 
Total 16 32 122 38 
*There were 208 valid cases; 30 cases were excluded, as restored surfaces were not indicated.  
 
 
Table 2-5. Fracture location in relation to endodontic treatment* 
 
Tooth type 
Endodontic 
treatment 
Supragingival 
fracture 
Subgingival 
fracture 
Maxillary premolars 
No 
Yes 
17 
5 
0 
4 
Mandibular premolars 
No 
Yes 
11 
3 
0 
0 
Maxillary molars 
No 
Yes 
50 
6 
4 
4 
Mandibular premolars 
No 
Yes 
67 
5 
10 
4 
All teeth 
No 
Yes 
145 
19 
14 
12 
*There were 190 valid cases; 48 cases were excluded, as fracture location or history of endodontic treatment was not 
indicated.  
 
 
 
22
Discussion 
 
 
The aim of the study was to expand the knowledge on the incidence of complete cusp fractures of 
posterior teeth in Dutch general practices. The results indicate that complete cusp fracture is a 
common phenomenon in dental practice. Although the clinician response rate did not exceed 50%, 
we consider this group representative for the Dutch situation. The sample consisted of more than 
46,000 patients from different parts of the Nijmegen region, which is almost one third of the local 
population. In addition, the characteristics of the average practice of the sample appeared 
comparable with the average Dutch dental practice. Extrapolated to the Dutch situation, the 
fracture rate of 20.5 per 1,000 person-years at risk means that the average Dutch dental practice 
(2,597 regular attending patients)5 sees 53 complete cusp fractures of posterior teeth per year. 
The variation in incidence rate between the practices may be caused by differences in 
number of regular attending patients or differences in patient and indication management. This 
may also be an explanation for the difference from the incidence rate of 70.9 complete cusp 
fractures of posterior teeth per 1,000 person-years at risk reported in a recently published study.4 
Although that study reported an at-risk population of 16,674, only two clinics were evaluated. 
More women than men were registered with complete cusp fracture. With a total of 46,349 
persons at risk, we expect the genders to be evenly distributed in the sample. The difference in 
registered complete cusp fracture may be explained by a higher rate of oral awareness16 and a 
higher demand for dental care among females.17 
The incidence of complete cusp fracture does not appear to be arch related; the number of 
cusp fractures was evenly distributed between the maxilla and mandible. More molars were 
registered with cusp fracture than premolars. The difference may be caused by a higher restoration 
rate of molars. However, a risk ratio cannot be presented because of the unknown distribution of 
molars and premolars in the sample. 
Maxillary molars presented more fractures of buccal cusps, while mandibular molars 
presented more fractures of lingual cusps. The literature has suggested that tooth anatomy has a 
relationship to the fracture potential of different cusps.8,13,14 Because of their smaller bucco-lingual 
dimensions, buccal cusps of maxillary molars and lingual cusps of mandibular molars are more 
prone to fracture than lingual cusps of maxillary molars and buccal cusps of mandibular molars.14 
The size difference between the cusps increases as a consequence of cavity preparation. 
In the present study, mastication was reported most frequently as the cause of complete 
cusp fracture, although in one third of the cases the cause was unknown. We suspect that 
repetitive load applied to the tooth over time (fatigue) often is the origin of complete cusp fracture. 
Fatigue results in a weakened cusp that might fracture under a minimal load. Mastication can then 
be considered the immediate reason for fracture. This also explains the volume of unknown 
causes. If fatigue is a factor with respect to cusp fracture, one might expect that the frequency of 
fractures increases with age. Although we do know the mean age of the patients involved in the 
complete cusp fractures registered, we do not know the mean age of all patients in the practices. 
As a consequence, we are not able to draw conclusions with respect to the influence of age. 
The majority of fractured teeth were restored on three or more surfaces. The larger the 
restoration, the less tooth material and the weaker the tooth. Additionally, we regard the geometry 
of the restoration to have influence. We suspect that if the cohesion between the cusps has been 
weakened by breaking the mesial or distal crest for the purpose of box preparation, complete cusp 
fracture is more likely to occur. This is consistent with findings in the literature.8-11,13 However, data 
on the distribution of restored surfaces and the restorative material of this sample are not known. 
Thus, risk ratios cannot be presented. 
The restorability of the fractured tooth depends, among other things, on the location of the 
fracture. A tooth with a subgingival fracture location is not favorable to restore, and restoration may 
even be impossible. In this study, most cases had a supragingival fracture location, which 
suggests that in the majority of the cases the fractured tooth could be restored relatively easy. The 
unfavorable subgingival location of a fracture appeared to be associated with a history of 
endodontic treatment, which is in accordance with previous findings.13 This suggests that 
endodontically treated teeth are more in need of measures to prevent complete cusp fracture when 
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compared to teeth without a history of endodontic treatment. The use of cuspal overlays for the 
protection of the weakened cusp18,19 or the use of adhesive restorations5 should be considered 
after endodontic treatment. Finally, fractured premolars more frequently had a history of 
endodontic treatment than fractured molars. For endodontic access, perhaps relatively more tooth 
tissue is removed in premolars than molars. 
This study has revealed that complete cusp fracture of posterior teeth is a common 
phenomenon in dental practice, and that there are differences in cusp fracture 
with respect to tooth type and restorative status of the tooth prior to fracture. Teeth with a history of 
endodontic treatment are susceptible to unfavorable subgingival fracture locations. 
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Abstract 
 
 
This study assessed the influence of an additional shoulder preparation on the fracture strength of 
a cusp-replacing direct resin composite restoration in a premolar that previously had an amalgam 
MOD restoration followed by fracture of a cusp. Two preparation designs were tested. In extracted 
sound premolars an MOD amalgam cavity was simulated followed by fracture of a cusp (Group A). 
Group B was the same as Group A but a shoulder was added along the cervical outline of the 
preparation. As a control group, cusp fracture was simulated but no MOD amalgam cavities were 
prepared. For each group, 14 preparations were made using a copy-milling technique. All 42 
preparations were restored using a direct resin composite restoration technique. Restorations were 
loaded until fracture. The fracture strength of the preparation with shoulder was not significantly 
different from the preparation without the shoulder. The fracture strength of the preparations in the 
reference group, which had no resistance form, was significantly less than in Groups A and B 
(ANOVA, p <0.05). Results of this in vitro study indicate that an additional shoulder preparation in a 
premolar with an MOD amalgam cavity preparation and a fractured cusp does not improve fracture 
strength of cusp-replacing direct resin composite restorations. 
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Introduction 
 
 
Cusp fractures frequently occur in teeth restored with Class II amalgam restorations.1-3 In case of a 
cusp fracture, the conventional treatment is making a full crown. In most cases crown preparation 
requires removal of an additional amount of sound tooth tissue, introducing a risk for the teeth and 
the surrounding tissues. In molar teeth, cusp-replacing amalgam restorations have shown to be a 
viable alternative. A survival rate of 88% after 8.3 years has been reported for these restorations.4 
Case reports indicate adhesive tooth-colored restorative techniques to be promising 
alternatives for cusp-replacing restorations in premolars.5 In vitro studies show that cusp-replacing 
restorations made with amalgam or composite have similar fracture strength.6-8 With an adhesive 
technique, such as a direct resin composite restoration or a bonded ceramic inlay, less tissue 
needs to be removed which might prevent complications. These types of restorations also comply 
with the high esthetic demands the patients nowadays have. 
Class I and II restorations, using adhesive techniques, appear to perform well.9-15 For cusp-
replacing adhesive restorations no data are available on clinical performance and longevity. In 
connection, no scientifically based guidelines are available on the optimal preparation design for 
adhesive techniques for cusp-replacing restorations. For example, it is not known whether thin 
cusps have to be reduced in height and covered with the restorative material and if additional 
retention or resistance has to be created when adhesive techniques are used. For this purpose, in 
vitro research should be implemented to further develop clinical treatment procedures for adhesive 
cusp-replacing restorations. The optimal preparation design can be defined as the preparation 
technique that removes the least amount of sound tooth tissue, while creating optimal retention 
and resistance for the restorative material.  
The aim of this in vitro study was to assess the influence of an additional shoulder 
preparation, as resistance form, on the shear fracture strength of a cusp-replacing resin composite 
restoration when a direct technique is used. Starting point was an MOD amalgam restoration in a 
lower second premolar with a fracture of the lingual cusp. The hypothesis was that the additional 
shoulder preparation contributes to higher fracture strength. 
 
 
Materials and methods 
 
 
Forty-two extracted mandibular second premolars were selected. The premolars had to be sound 
and the size and geometry of the crowns had to be comparable by estimation. The premolars were 
stored in 1% chlorine-amine. The premolars were randomly divided into three groups of 14 
premolars each. 
Two preparation types were tested. 
 
Group A: An MOD amalgam preparation with a simulated fracture of the lingual cusp (Fig 3-1a). 
Group B: A lingual shoulder of 1 mm width was added along the cervical outline of the preparation 
as used in Group A (Fig 3-1b). 
 
Since it was unknown whether the adhesive properties of the composite alone were 
sufficient to withstand the loads applied, a reference group was added. This group consisted of 
premolars with a simulated fracture of the lingual cusp. In contrast with Groups A and B, no 
preceding amalgam cavity was simulated and no geometrical resistance was added to the cavity 
before restoration (Fig 3-1c). With this design the resistance form was minimal, so the shear bond 
strength of the restoration itself was tested. After preparation all 42 premolars were restored and 
subjected to a load test. 
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Fig 3-1. The three different preparation types: (a) no additional preparation; 
(b) additional shoulder preparation; (c) reference. 
 
 
Preparation 
 
In order to get standardized preparations, a Celay machine (Mikrona) was used. An additional 
premolar was selected based on its crown size, which was small by estimation compared to the 
group of the 42 selected premolars. An MOD amalgam cavity was prepared and a fracture of the 
lingual cusp from the step-bottom to the cemento-enamel junction, under an angle of 45º with the 
tooth long axis, was simulated. The cervical outline ended just below the cemento-enamel junction 
(Fig 3-1a). This premolar was used as a master model and was mounted in the scanning chamber 
of a Celay unit.16-18 This master model was copy milled to a ceramic blank, using a high-speed 
turbine and Microna diamond burs and discs, in the wet carving chamber of the Celay unit. An 
impression in an acrylic material (Heraeus Kulzer) was made of the buccal surface of this ceramic 
premolar on its metal insert. Using this impression, the sound premolars could be mounted on 
metal inserts in a standardized way. With these inserts the sound premolars were mounted in the 
carving chamber of the Celay unit. The copy-milling procedure is illustrated in Figure 3-2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3-2. Illustration of the copy-milling procedure. (I) master model; (IIa) ceramic copy; 
(IIb) ceramic copy seen from another angle; (IIIa) natural premolar and insert; 
(IIIb) natural premolar fixed on the insert; (IVa) copy milled preparation 
(natural premolar); (IVb) preparation seen from another angle 
 
 
 
a b c
compositecomposite composite
I IIa IIb IIIa IIIb IVa IVb
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The preparation of the master model was copied to 14 of the selected premolars (Group A), 
subsequently an additional shoulder was added to the master and copied again 14 times (Group 
B). For the reference group the master model was modified by filling parts of the preparation with 
resin composite and again 14 copies were made. After copying, the premolars were separated 
from the inserts. 
 
Restoration 
 
The master model was etched for 20 seconds using a 37% phosphoric acid etch gel (Ultradent). 
Subsequently the surface was rinsed thoroughly and dried for 3 seconds using a gentle airflow. SA 
Primer (Kuraray) and Clearfil Photobond (Kuraray) adhesive were applied according to the 
manufacturer instructions. Next, the premolar was restored with a fine compact filled hybrid 
composite (Clearfil Photo Posterior shade US, Kuraray). Using an injection technique, the 
restoration was built up in increments of 2 mm thick layers maximum. Each increment was light 
cured for 40 seconds (Translux CL, Heraeus Kulzer). Intensity of the VCL unit was 420 mW/mm2 
as measured before and after the experiment using a curing radiometer. After finishing, an 
impression of this restoration was made with a Lexan plate (BASF). 
 All 42 teeth were restored following the procedure as described above. The Lexan 
impression was used to duplicate the external shape of the master restoration. After restoration, 
the occlusal surfaces of all restorations were ground flat and polished under an angle of 135º with 
the tooth long axis using a Struers DP-U polishing machine (Fig 3-3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3-3. Restoration design of the three preparation types. 
 
 
Compression test 
 
Each restored premolar was embedded in acrylic (Palavit VS 55, Heraeus Kulzer) with the base of 
the acrylic perpendicular to the top of the restoration (Fig 3-4). In series of five, the embedded 
premolars were mounted in stone in a plastic cylinder. With an Instron machine, load was applied 
to the restoration until failure occurred. Crosshead speed of the machine was 0.5 mm/min. The 
force until fracture was recorded for each restoration. After the tests the fracture types were 
evaluated on two items: 
 
(1) Tooth fracture: ‘simple’ is fracture in enamel or dentine: ‘complex’ is fracture through the pulp. 
(2) Composite fracture: interface fracture; no composite remaining in the preparation. ‘Small’ is 
parts remaining only on the bottom of a box. ‘Medium’ is parts remaining in a box not only on the 
bottom. ‘Large’ is parts left remaining in both boxes and step. 
   
Classification was based on a two-examiner agreement. 
 
a b c
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Fig 3-4. Schematic illustration of the load test.  
 
 
Measuring of preparation dimensions 
 
Before restoration, digital pictures were taken of all prepared premolars of the reference group. 
Using personal computer software (Canvas, Deneba) the preparation surfaces were traced. For 
each surface, dentin and enamel were identified and their areas were measured. To assess 
measuring reliability for one preparation, selected at random, the tracing was repeated four times. 
The measured areas gave an indication of the reproducibility of the copy-milling procedure. Shear 
strength was calculated for the reference group. 
 
Statistical analysis 
 
For comparison of the fracture strength of the three test groups a one-way ANOVA was used with 
a p-value of 0.05. Spearman rank correlation test with a p-value of 0.05. Analyses were done using 
SPSS/PC+ 4.0 statistical software. 
 
 
Results 
 
 
The mean fracture strength of Group A (1138 ± 270 N) was not significantly different from the 
results of Group B (1192 ± 441 N). The fracture strength of the reference group was significantly 
less (680 ± 131 N). The results of Groups A and B showed higher variation than the results of the 
reference group (Fig 3-5). 
The specimen of Groups A and B showed varying fracture patterns, both adhesive and 
cohesive or combined fractures were seen. Also fracture of several premolars occurred (Table 3-
1). No relation was found between the fracture pattern and the fracture strength. In the reference 
group, only fractures at the adhesive interface were observed. 
The mean preparation surface area of the reference group was 42.03 ± 1.15 mm2. The 
surface areas of enamel and dentin were respectively 10.86 ± 2.67 mm2 and 31.16 ± 2.20 mm2. 
The mean of the repeated measurement of one preparation surface was 40.73 ± 0.09 mm2. 
The mean shear strength value of the restorations in the reference group was 16 ± 3.4 
MPa. No correlation was found between the surface areas of these preparations and the fracture 
axis tooth
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strength of the restorations. In addition no correlation was found between fracture strength and the 
dimensions of the surface area of the enamel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3-5. Mean fracture strengths (N). 
 
 
Table 3-1. Fracture patterns observed after load test (more than one fracture type can occur in one sample). 
 
Group Tooth fracture  Composite fracture 
 Simple Complex IF* Small Mod. Large 
A 2 4 1 3 3 2 
B 3 2 2 3 5 1 
Reference - - 14 - - - 
*IF=Interface fracture. 
  
 
Discussion 
 
 
Standardization of human material for in vitro research is extremely difficult to achieve. When 
comparing different preparation geometries, both the dimensions of the teeth and the preparations 
are important. This study showed that it is possible to grind standard preparations in extracted 
human premolars by copy-milling, using the Celay system. All preparations had the same 
preparation dimensions. In this respect the selection of teeth is important. Only for reasons of 
availability lower premolars were used. This selection and the positioning of the premolars on the 
metal inserts using the acrylic plate resulted in only minor variation in the amounts of dentin and 
enamel of the preparations. The results of the reference group indicated that this variation did not 
affect the shear bond strength. 
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The results of the load test show that the preparation of an additional shoulder in a 
premolar with a cusp fracture and an MOD amalgam preparation did not result in higher fracture 
strength. Apparently the retention and resistance as provided by the amalgam MOD cavity, is 
sufficient. This suggests that the additional preparation of a shoulder can be omitted. The results of 
the reference group indicate that micro-mechanical retention alone, obtained from the adhesive 
technique, is not as high as when the preparations have a resistance form as well. This is an 
indication that, despite the use of an adhesive technique, some macro-mechanical resistance in 
preparation is preferred. 
The fracture forces of Groups A and B showed more variation than the forces in the 
reference group. These large variations were also seen in a comparable study.7 Possibly the 
complex geometry of the preparations of Groups A and B resulted in more complex stress 
distribution during loading. This might also be the reason for the variance in fracture patterns, 
cohesive as well as adhesive, observed in these groups, while in the reference group only 
adhesive fractures were observed. 
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Abstract 
 
 
This study assessed the influence of palatal cuspal coverage on the in vitro fatigue resistance and 
failure mode of Class II resin composite restorations including replacement of the buccal cusp in 
premolars. A master model was made of a maxillary premolar with an MOD amalgam cavity and a 
simulated fracture of the buccal cusp from the isthmus floor to the CEJ. Using a copy-milling 
machine, this preparation was copied to 20 extracted human maxillary premolars (Group A). 
Subsequently, the palatal cusp was reduced by 1.5 mm; this modified preparation was copied to 
20 additional maxillary premolars (Group B). Direct resin composite restorations were made in all 
teeth. Cyclic load (5 Hz) was applied, starting with a load of 200 N (10,000 cycles), followed by 
stages of 400, 600, 800, and 1,000 N at a maximum of 50,000 cycles each. Samples were loaded 
until fracture or to a maximum of 210,000 cycles. Of the restored premolars of Group A, 20% 
withstood all 210,000 loading cycles; in Group B, this figure was 55%. In Group A, 19% of the 
fractures ended below the CEJ; in Group B, 78% did. Palatal cuspal coverage increased the 
fatigue resistance of Class II resin composite restorations with replacement of the buccal cusp in 
premolars. However, fractures of restorations with cuspal coverage led to more dramatic failures 
that made restoration virtually impossible. This suggests caution in lowering remaining cusps for 
these adhesive restorations in the clinical situation. 
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Introduction 
 
 
Complete cusp fracture of posterior teeth with Class II restorations is a common phenomenon in 
dental practice, with incidence rates varying from 20.51 to 712 per 1,000 person-years at risk. In the 
former study, more than 91% of the fractures in teeth without endodontic treatment ended 
supragingivally, which indicates that teeth with a fractured cusp can be restored relatively easy. 
For the treatment of a tooth with a Class II restoration and a fractured cusp, several options are 
available. The traditional treatment is to restore the teeth with artificial crowns. A disadvantage of 
the crown is the required removal of additional sound tooth tissue. In molars, cusp-replacing 
amalgam restorations have been shown to be a viable alternative that does not require extensive 
tissue removal. A survival rate of 88% after 8.3 years has been published.3 In premolars with a 
fractured cusp, tooth-colored adhesive restorations may be a minimally invasive and esthetic 
alternative for crowns.4 However, no clinical data are available on performance and longevity of 
cusp-replacing adhesive restorations. In vitro research reveals similar fracture strengths for 
amalgam and resin composite cusp-replacing restorations.5–7 
Few aspects of restorative procedures for cusp-replacing adhesive restorations have been 
studied in vitro. In vitro load tests indicate that retention pins weaken rather than reinforce the 
restorative material.6 Another in vitro study suggests that an additional cervical shoulder 
preparation does not improve the fracture strength of cusp-replacing direct resin composite 
restorations.8 An unknown aspect of adhesive cusp-replacing restorations is whether lowering of 
the remaining sound cusp, to create cuspal coverage, is beneficial to the quality of the restoration. 
For MOD amalgam restorations in premolars, in vitro research reveals higher fracture strengths for 
teeth with cuspal coverage compared to those without.9 Cuspal coverage can also be considered 
to improve the strength of a tooth with an inlay-type adhesive restoration and protect the cusps 
from fracture.10,11 A disadvantage of cuspal coverage is that sound tooth tissue has to be removed. 
The aim of the present study was to assess the influence of palatal cuspal coverage on the 
in vitro fatigue resistance and failure mode of Class II resin composite restorations that included 
the replacement of the buccal cusp in premolars. The hypothesis was that palatal cuspal coverage 
would contribute to greater fatigue resistance and have a beneficial influence on the failure mode 
in case of fracture. 
 
 
Materials and methods 
 
 
The same sound human maxillary premolar that previously served in finite element simulations 
was used.12,13 The dimensions of this premolar were: crown height 7.5 mm, bucco-lingual width 9.4 
mm, and mesio-distal width 7.2 mm. A silicone impression of this sound premolar was made 
before any experiment to obtain identical restorations after cavity preparation. This impression 
served as a mold to copy the external shape of the original sound premolar to all the restorations 
of the premolars in this study. 
 
Cavity preparation 
 
In the sound premolar, an MOD cavity was ground and a fracture of the buccal cusp from the 
isthmus floor to the cemento-enamel junction (CEJ) was simulated (Fig 4-1a). A cast gold copy of 
this premolar served as a master model. Forty extracted sound human maxillary premolars of 
comparable size (similar to or slightly larger than the original sound premolar) were selected. After 
extraction, the teeth were stored in 1% chlorine-amine for a minimum of 24 hours. In between the 
steps for the preparation of the experiment, the teeth were stored in water at room temperature. 
The premolars were randomly divided into two groups of 20 premolars each. All premolars 
were mounted on metal inserts, and the preparation of the master model was copy milled (Celay, 
Microna) to the first 20 premolars (Group A) according to Kuijs et al.8 After completion of Group A, 
the palatal cusp of the original premolar was reduced in height by 1.5 mm (Fig 4-1b). Again, a cast 
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gold copy was made, which served as a second master model. Subsequently, this master model 
was copied to the remaining 20 premolars (Group B). 
 
 
    
   Fig 4-1a. Maxillary premolar with MOD       Fig 4-1b. Maxillary premolar with MOD  
   amalgam cavity and simulated buccal       amalgam cavity and simulated buccal 
   cusp fracture: no additional preparation       cusp fracture: palatal cusp reduced in  
   (group A).          height (group B). 
 
 
Restoration 
 
All restorative materials were the same as used in an earlier study.8 Each specimen was etched for 
20 seconds using a 37% phosphoric acid etch gel (Ultra Etch). Subsequently, the cavity surface 
was rinsed thoroughly and gently air dried. Primer and adhesive were applied according to the 
manufacturer’s instructions (SA primer and Clearfil Photobond, Kuraray). Using the silicone mold, 
each premolar was restored with a commonly used highly filled hybrid composite (Clearfil Photo 
Posterior US, Kuraray). For this purpose, the mold was cut longitudinally into four parts to enable 
light curing of the restorative material. First, the boxes and step (isthmus) of the MOD cavity were 
restored using two parts of the mold; subsequently, the cervical part and tip of the cusp were 
restored using the other two parts. Restorations were built up in layers of 2 mm maximum using an 
injection technique. Each layer was light cured for 40 seconds (Translux CL, Heraeus Kulzer); 
intensity of the unit was 420 mW/cm2, as measured before and after the experiment using a curing 
radiometer. After restoration, premolars were separated from the metal inserts and finished with 
polishing disks (Sof-Lex, 3M). 
 
Fatigue test 
 
One restored premolar was embedded in acrylic in a metal cylinder with the occlusal surface 
horizontally. Subsequently, a silicone relocation jig was made to embed all specimens in an 
identical position. Cyclic load was applied to the restored premolars using a servo-hydraulic 
materials testing machine (MTS), with a 4-mm-diameter cylindrical bar of stainless steel (Fig 4-2). 
With this diameter, both cusps were loaded halfway up the slope, and, for the specimens without 
cuspal coverage, the tooth-restoration interface was loaded. The fatigue load was applied at a 
frequency of 5 Hz. In the first stage, a load of 200 N was applied, with a maximum of 10,000 
cycles, as a kind of preconditioning phase of the experiment to ensure good positioning of the 
cylinder on the specimen. This stage was followed by stages of 400, 600, 800, and 1,000 N at a 
maximum of 50,000 cycles each. During the experiment, the specimens were kept in water at 
37°C. Samples were loaded until fracture, or to a maximum of 210,000 cycles if they did not fail. 
The number of cycles endured was registered for each specimen. In case of fracture, the failure 
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mode was recorded; a distinction was made between fractures above and below the CEJ. 
Classification was based on two-examiner agreement. 
 
 
 
     Fig 4-2. Fatigue test.  
 
 
Statistical analysis 
 
For comparison of the fatigue resistance of Groups A and B, a survival scatter plot was made and 
a Wilcoxon rank test was used at a significance level of 5%. The influence of cuspal coverage on 
the failure mode was analyzed by using the chi-square test at a significance level of 5%. The 
analyses were performed with SPSS/PC, version 4.0 (SPSS). 
 
 
Results 
 
 
In Group A, 4 (20%) of the restored premolars withstood all 210,000 loading cycles; in Group B, 
this figure was 11 (55%) (Fig 4-3). Survival of Group B was significantly higher than that of Group 
A (p <0.002). 
Different failure modes were observed (Fig 4-4 and Table 4-1). The majority of fractures (all 
16 fractures in Group A and 6 of 9 in Group B) showed failure of the tooth-restoration interface 
along the palatal cavity surface. In Group A this interface failure was combined with a fractured 
palatal cusp in 14 of the 16 specimens, while in Group B this figure was 4 of 6 interface failures. 
The remaining interface failures (2 specimens for each group) comprised complete debonding of 
the restoration without fracture of tooth material. A vertical fracture through the restoration and 
tooth was registered for the remaining 3 specimens of Group B. For Group A, 19% (3 of 16 
failures) of the fractures 
ended below the CEJ; for Group B, this figure was 78% (7 of 9 failures). This difference in 
proportions was statistically significant (p =0.040). 
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Fig 4-3. Survival scatter plot of specimens after the different stages of the fatigue test. 
 
 
Discussion 
 
 
Extracted human maxillary premolars were used in this study. Because of natural size differences, 
results of experimental tests may vary. Therefore, using standardized specimens can be 
advantageous in several ways. With the copy-milling procedure, it was possible to grind standard 
preparations in the premolars. The copy-milling procedure is accurate when there are only minor 
differences in uncut forms of the teeth; therefore, the selection of teeth is important. With molds 
made from the original sound premolar, identical restorations could be made and a standard 
positioning of the restored premolars in the materials testing machine could be achieved. 
Differences in the internal geometry of the premolars (pulp chamber), as with differences in the 
remaining enamel thickness at the CEJ, could not be controlled with this procedure. This may be 
an explanation for variation in failure loads within the groups. To avoid bias, the premolars were 
randomly allocated to the two groups. 
The results of this study indicate that palatal cuspal coverage increased the fatigue 
resistance of Class II resin composite restorations with replacement of the buccal cusp in 
premolars. After assessment of the fracture patterns, it appeared that in all but three fractures the 
tooth-restoration interface was involved. This suggests that this interface in a cusp-replacing 
situation is most prone to failure when occlusal load is applied. This is in accordance with the 
simulation of the polymerization process in a previous finite element study, indicating that failure at 
the interface is more probable than failure in the composite material.13 With cuspal coverage of the 
remaining cusp, the tooth-restoration interface is not located at the occlusal surface, which may 
explain the higher resistance to occlusal loads. 
In the clinical situation, however, the prognosis of a tooth in case of failure is also 
important. This is mainly determined by the possibility to restore the tooth; this depends, among 
other things, on the location of the fracture. A tooth with a fracture below the CEJ is difficult to 
restore. Restoration may even be impossible. With cuspal coverage the majority of fractures ended 
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below the CEJ, while for the restorations without cuspal coverage fewer than one fifth of fractures 
ended below the CEJ. Thus, fractures of restorations with cuspal coverage seem to result in a 
higher share of unrestorable teeth. 
 
 
 
 
 
Fig 4-4. Types of failure modes for Groups A and B (see 
Table 4-1 for number of each type of failure). 
 
 
Table 4-1. No. of failures of each type* 
 
Group 
Intact 
specimen (a) 
Fracture above CEJ, 
intact palatal cusp (b, 
c) 
Fracture above CEJ, 
fractured palatal cusp 
(d, e, f) 
Fracture below CEJ, 
fractured palatal cusp 
(g, h, i) 
A (n=20) 4 2 (1b, 1c) 11 (7d, 3e, 1f) 3 (1g, 2h) 
B (n=20) 11 2 (1b, 1c) - 7 (4g, 3i) 
*See Fig 4-4 for illustration of failure types. 
Group A = no additional preparation; Group B = reduced palatal cusp.  
 
 
The results of this study seem to be conflicting. On one hand, there is the higher fracture 
resistance for the restorations with cuspal coverage. On the other hand, there is the more dramatic 
mode of fracture in case of failure of these restorations with cuspal coverage. This obstructs the 
drawing of a firm conclusion. The inference to clinical practice of course also depends on the 
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chosen simulation. The cyclic load applied to the specimens in this study should cover the 
repeated occlusal loads found in vivo. Whether the fracture loads and number of cycles found were 
representative of nature may be discussed. If these loads were higher than are found in the mouth, 
cuspal coverage is the treatment of choice, protecting the tooth from fracture at best. However, if 
the simulated conditions are realistic, the dramatic results after failure should be the basis for not 
applying cuspal coverage. The higher risk of debonding should be taken in favor of the 
unrestorable teeth remaining after fracture. 
The results of the present study indicate that palatal cuspal coverage increased the fatigue 
resistance of Class II resin composite restorations with replacement of the buccal cusp in 
premolars. However, fractures of restorations with cuspal coverage led to more dramatic failures 
that made restoration virtually impossible. This suggests that caution should be exercised before 
lowering remaining cusps for these adhesive restorations in the clinical situation. 
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Abstract 
 
 
This article describes the development of a 3-D finite element model of a premolar based on a 
microscale computed tomographic (CT) data-acquisition technique. The development of the model 
is part of a project studying the optimal design and geometry of adhesive tooth-colored cusp-
replacing restorations. The premolar was digitized with a micro CT scanner with a resolution of 13 
m. Surface contours were fitted to the various materials, after which a 3-D finite element mesh 
was constructed to the contours. To demonstrate the potential use of the resulting model, it was 
applied to a cusp-replacing resin composite restoration. The stress patterns generated in the 
composite material were truly 3-D. Stress concentrations were found at the surface were the load 
was applied and in the vicinity of the dentin-composite bonding surface, where the interface had its 
complex geometry. The described procedure is an easy method to produce a highly detailed 3-D 
FE model of a premolar with an adhesive cusp-replacing restoration. 
 
 
 
49
Introduction 
 
 
Teeth restored with Class II amalgam restorations are susceptible to cusp fracture (Fig 5-1).1-3 In 
case of a cusp fracture, the traditional treatment is to restore the teeth with crowns. Artificial crown 
preparation requires the removal of additional amounts of sound tooth tissue, introducing a risk for 
complications for the teeth and surrounding tissues. In molar teeth, cusp-replacing amalgam 
restorations have shown to be a viable alternative. A survival rate of 88% after 8.3 years has been 
published.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5-1. Maxillary first premolar with cusp fracture. 
 
 
Anecdotal reports indicate tooth-colored restorative materials to be promising alternatives 
for cusp-replacing restorations in premolars.5 With an adhesive restoration, such as a direct resin 
composite restoration or a bonded ceramic onlay, less tooth tissue can be removed. This might 
prevent complications. Ideally, one would compare the performance of these cusp-replacing 
adhesive restorations with artificial crowns in a controlled clinical trial. However, there are reasons 
to postpone the start of such a trial. Most importantly, no guidelines are available yet with regard to 
the optimal cavity preparation design and restorative materials to be used. For this purpose in vitro 
research should be implemented to further develop treatment procedures for the adhesive cusp-
replacing restorative technique. A popular exploring laboratory study is the finite element (FE) 
model analysis, comprising computer simulation of mechanical processes within structures and 
study of effects of geometric variations and materials applied. FE analysis shows internal stresses, 
and on that basis predictions can be made about failure. 
Regarding FE research on dental restorations, variations of cavity shape and geometry of 
retention features are important. These are 3-D problems; consequently 2-D and axi-symmetric FE 
models that were applied in the past few decades6-8 are no longer considered to be sufficient. 
While a detailed 3-D FE model may be used, the method of data acquisition should be adapted. 
Here also, current methods, such as external contour scanning,9 sectioning of the specimen,10 
 
 
50
taking data from an anatomical atlas,11 and manually tracing of computer tomographic (CT) 
scans,12 show limitations. The limitations refer to time-consuming procedures, moderate resolution, 
or lack of information on the internal structures. 
The aim of this study was to develop a 3-D FE model of a premolar with a cusp-replacing 
resin composite restoration, which shows high geometric detail and is relatively easy to construct. 
For this purpose, a microscale CT (CT) technique was used. To demonstrate its potential 
employability, the obtained FE model was used to show the effect of an occlusal load on three 
resin composite materials, each having a different stiffness and strength. 
 
 
Material and methods 
 
 
A three-step procedure was followed to generate a 3-D FE model of a human maxillary premolar. 
First, the tooth was scanned with a CT scanner. Second, the different materials visible on the 
scans were identified using 2-D contours, these contours were stacked and a 3-D surface was 
fitted through the contours. Finally a 3-D FE mesh with the different materials was created. 
 
CT Scanning 
 
An extracted sound maxillary premolar was gently fixed in a glass tube, which had a diameter of 
13.3 mm. The tube was placed in a CT scanner (Scanco MicroCT 20, Scanco Medical). A scan 
grid of 1024 x 1024 was selected with a resolution of 13 m. The scan slice thickness was 25 m. 
The premolar was scanned in 770 slices, and the exposure time was set at 10 msec. The different 
regions of the pulp, dentin, and enamel could clearly be detected (Fig 5-2). Slight density variations 
in the dentin were seen, but these were not further accounted for in the generation of the FE 
model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5-2. 3-D reconstruction of the premolar shows the outer geometry and a cross section in which the pulp, 
dentin, and enamel are clearly visible. 
 
 
To enable the generation of a model with a restoration, the restorative material should be 
clearly distinguishable from the tooth materials. The radiopacity of different materials varies 
considerably.13-15 Therefore, test scans were made with 3 resin composite materials (Clearfil 
Lustre, Kuraray; P-50, 3M; Compoglass, Vivadent) that varied regarding the degree of radiopacity 
to allow selection of the material with optimal contrast with enamel and dentin. Figure 5-3 shows a 
enamel 
 
dentin 
 
pulp 
a a 
Cross-section a-a 
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scan slice of a premolar with three composite materials attached to it. P-50 shows good contrast 
with dentin, but little difference with enamel; the opposite is true for Clearfil Lustre. Compoglass 
provides a clear contrast with both tooth materials and was selected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5-3. Scan slice of the premolar shows differences in radiopacity of three restorative materials with respect to 
the tooth materials. 
 
 
In the extracted sound premolar, a conventional MOD amalgam cavity was made. 
Subsequently, a fracture of the buccal cusp from the bottom of the step to the cemento-enamel 
junction was simulated under an angle of 45 degrees with the tooth long axis. The premolar was 
restored with Compoglass and scanned again following the procedure described above. It 
appeared that with a large volume of restorative material, the contrast was not satisfactory. For this 
reason the exposure time of the scanner was extended from 10 to 350 ms. Although the total 
scanning time became very long (about 44 hours), an adequate 3-D image was obtained. 
 
Creating 3-D surfaces 
 
For the generation of a 3-D model of the complete premolar, including the restoration, the scan 
information was more detailed than required. Therefore 55 scan slices out of 770, with an equal 
separation distance of 364 m, were selected as the basis for the FE model. In every scan slice, 
the various materials were identified with 2-D contours. This was done by simply projecting the 
CT scanning image on a computer screen and overlaying the 2-D contours. Using in house-
generated software, these contours could be manipulated until they fit to the image of the various 
materials. This step in the mesh-generating process was the only step that involved manual 
interaction. Then, the 2-D contours were automatically stacked by using the coordinate system of 
the CT scans. 
Subsequently, a 3-D surface was fitted through these stacked contours. The Rhinoceros 
software package, Version 1.0 (Robert McNeel), running on a personal computer was used to 
extrapolate the stacked 2-D contours to 3-D surfaces. Figure 5-4 shows the external 3-D surfaces 
of the four different material volumes as fitted by the Rhinoceros software package. 
 
3-D FE mesh generation  
 
Using the Mentat preprocessor (Marc Analysis), the volumes of the materials present in the 
premolar were divided in 3-D volume elements. First, the 3-D surfaces were divided into triangles, 
after which the volumes contained by the surfaces were divided into a large number of 3-D volume 
elements (Fig 5-5). These two divisions were completely automated processes, and the computer 
performed these steps within several minutes. The Mentat preprocessor software package 
generated some errors in the mesh, which were manually corrected. The 3-D volume elements 
had four nodal points and had a pyramid-like shape (tetrahedron elements). The number of nodal 
P 50 
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points and elements was limited to, respectively, 43,386 and 7,990, as the processing time for the 
FE calculation increases exponentially with the number of nodal points. However, the accuracy of 
FE calculations improves with increasing number of nodal points. Hence, a compromise was made 
between accuracy and acceptable processing efforts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5-4. Stacked surface contours of the various materials. 
Pulp = black; dentin = green; enamel = blue; composite = red. 
 
 
 
Application 
 
To demonstrate the feasibility of this model to analyze different 3-D geometries, the analysis of one 
particular cavity geometry is included. Each element of the model can be given certain mechanical 
properties depending on the material it is representing. Enamel, dentin, and pulp were 
characterized, based on the data of Table 5-1. In this study, three resin composite materials 
(Pertac, Vivadent; Herculite XRV, Kerr; Clearfil Photoposterior, Kuraray) were selected based on 
their stiffness (Table 5-1). After assigning these mechanical properties to the elements, boundary 
conditions are formulated, indicating where the premolar is constrained and where the mechanical 
load is applied. A load of 500 N was distributed over the nodes of the occlusal area as shown in 
Figure 5-5. Beneath the cemento-enamel junction, the premolar was rigidly fixed in all three 
directions. Stresses were calculated within the three composite materials. Loading failure of a 
structure not only depends on internal stresses, but also on its strength. Therefore, the obtained 
stresses were compared to the strength values reported in the literature (Table 5-2) by calculating 
the stress:strength ratio of the materials. 
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Fig 5-5. 3-D FE Mesh of the restored premolar and the vector lines of the occlusal load. Nodes 
beneath the horizontal line are constrained in all directions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5-6. 3-D plot represents the maximal tensile stresses generated in the composite material (Clearfil Photoposterior). 
The brighter the color, the higher the stress. Left, approximated view; right, palatal view. 
500 N 
 
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Table 5-1. Elastic moduli and Poisson’s ratio of materials used in the FE model 
 
Material  Elastic modulus (Gpa) Poisson’s ratio 
Dentin 18.6 0.31 
Enamel 84.1 0.30 
Pulp 0.002 0.45 
Pertac 13.4* 0.30º 
Herculite XRV 9.5* 0.30º 
Clearfil Photoposterior 31.3* 0.30º 
*Adapted from Eldiwany et al.19 
ºAssumed. 
 
 
Results 
 
 
The stress patterns generated in the restorative materials as applied in this FE model were truly 3-
D. The principal stresses were oriented in a complex way and could not be condensed to be acting 
in one plane. Stress concentrations were found at the surface where the load was introduced, on 
the exterior side of the composite material, and in the composite that filled the former MOD 
amalgam boxes (Fig 5-6). Hence, it is at these sites that mechanical failure of the composite 
material may initiate. 
 The stress levels in the model were affected by the type of composite material (Table 5-2). 
The highest peak tensile stress was found in the stiffest material, whereas the material with the 
lowest stiffness showed the lowest peak stress. If the stress:strength ratio is considered, Pertac 
behaves as good as Herculite XRV (Table 5-2). Clearfil Photoposterior showed the highest 
stress:strength ratio (0.24). This is due to the relatively high stiffness of Clearfil Photoposterior, 
which causes high stresses within the material, even though the strength of this material is not 
proportionally higher. 
 
 
Table 5-2. Strengths, tensile stresses, and stress:strength ratios of materials used 
 
 Pertac Herculite XRV Clearfil Photoposterior 
Static strength (MPa) 43* 38* 45* 
Peak tensile stress (MPa) 7.7 6.7 10.7 
Stress:strength ratio 0.18 0.18 0.24 
*Adapted from Kotioth and Versluis.18 
 
 
Discussion 
 
 
This paper presents the FE modeling and data acquisition as a single procedure. The essence of 
the method is that it is an uncomplicated procedure that can be performed with minimal manual 
intervention. A CT scanner was used to obtain the required information of the 3-D geometry of the 
cusp-replacing restoration. CT scanners have been used to study bone around oral implants16 
and trabecular structures of bone itself.17 To our knowledge, CT scanners with a high resolution 
have not been used to determine the internal and external characteristics of restored teeth. 
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Conventional CT scanners were used in the past,12 but the resolution was about a factor of 100 
lower. In that study, the data of the CT scans were merely used as a guide to create the FE mesh, 
as the CT images were traced onto millimeter-graded paper. The digital data were not directly 
utilized to create a 3-D image. Once in digital format, the outlines or cross sections were 
manipulated to form FE models, a process that often involves time-consuming efforts by the 
modeler. In addition, this process is prone to errors due to shifts of the cross sections, which often 
become more evident in the final models due to uneven surfaces. If left uncorrected, these 
geometric inaccuracies may induce faulty predictions, regardless of the degree of FE mesh 
refinement.18 Because we directly used the CT scans, the coordinate system to stack the contours 
was identical to that of the CT scanning process. The cross sections were automatically fixed, and 
orientation inaccuracies were not prevalent. The few errors in the 3-D mesh that remained after 
using the Mentat software might be solved with another preprocessor software package or a new 
version of the Mentat package. 
Compared with laboratory material testing, FE modeling offers several advantages. The 
variables can be changed relatively easy, no costly prototypes need to be manufactured and the 
simulation can be performed without the need of human material. Among the ambiguous aspects 
of the FE method are the degree of reality in the model and its validity. The first characteristic 
indicates how close the model mimics the conditions to which the construction is exposed. 
Appropriate questions in this respect are whether the loading conditions applied to the model are 
realistic. Is the geometry of the model represented with adequate detail? Are important 
phenomena that will determine mechanical failure, such as shrinkage of materials, sufficiently 
represented in the model? The second characteristic, the validity, refers to the accuracy of the 
model to represent adequately the stress and strain patterns both within the materials and at their 
interfaces. This depends on the type of element chosen to represent a certain volume in the model 
and on the number of nodal points. An overwhelming quantity of software has been developed to 
assist in the generation of FE models and powerful computers that can handle the higher 
processing demand of 3-D FE analysis with many nodal points have become available. The use of 
the CT scanner also contributed to the generation of a detailed model. 
Presumably not all questions concerning mechanical problems with dental restorations 
require a complex 3-D FE model to find an adequate answer. Two-dimensional or axi-symmetric 
models are suitable to answer questions that concern symmetric objects and which are not 
depending on ‘out-of-plane’ geometric phenomena. The present 3-D model may be too detailed 
and complex when variations in the geometry of teeth and restorations are considered. The excess 
of data has its origin in the use of the CT scanner; the data acquisition is easy, but produces 
many data. Although not all data are used at the moment, we expect that the FE model gains most 
by details on internal retention forms. Structures like periodontal ligament and anisotropic enamel 
are not modeled. Modeling these structures complicates the model; moreover the periodontal 
ligament is important only when stresses are located nearby. Anisotropic enamel is not considered 
for this moment because the amount of enamel, if compared to the restorative material, is rather 
small. 
The development of the 3-D FE model was part of an ongoing research project that studies 
the clinical behavior of cusp-replacing adhesive restorations. The application of the current 
technique to the mechanical adequacy of the three resin composite materials for a cusp-replacing 
restoration is a rough illustration of a detailed model. The results should be regarded as an 
example of mechanical principles rather than a definite ranking of materials. However, it shows 
that the failure probability of the materials is a complex synergy between various mechanical 
properties (in this example the stiffness, stress, and static strength). Although we feel that this FE 
model is rather refined and detailed, it is not validated yet. The FE model predicts stress patterns 
within the structure, not failure. Mechanical tests have the disadvantage that they do not give 
information about the internal stress patterns that lead to failure. The loading condition in the study 
was one out of many possibilities, and failure at the interfaces between various materials was not 
considered. We aim to include interface characteristics in future models. Because fracture cannot 
be simulated in the model, a real representation of the clinical situation is hardly possible. If 
validation studies reveal that the stress distributions within the premolar are adequate to predict 
fracture, than indications for treatment procedures can be derived from the model. 
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We were able to semi-automatically create a highly detailed FE model of a restored 
premolar by using a CT scanner and commercially available software. Minimal manual handling 
was required with this new method. By varying materials and cavity configuration in the model, we 
expect that we can develop clinical treatment guidelines for these adhesive cusp-replacing 
restorations. 
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Chapter 6 
 
 
 
 
CAN INTERNAL STRESSES EXPLAIN FRACTURE RESISTANCE OF 
CUSP-REPLACING COMPOSITE RESTORATIONS? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
W.M.M. Fennis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
_________________________________________ 
This chapter is submitted to the European Journal of Oral Sciences: Fennis WMM, Kuijs RH, Barink M, 
Kreulen CM, Verdonschot N, Creugers NHJ. Can internal stresses explain fracture resistance of cusp-
replacing composite restorations? Eur J Oral Sci (submitted). 
 
 
60
Abstract 
 
 
The aim of this study was to explore and compare the results of occlusal load application to cusp-
replacing composite restorations, studied by means of FE analysis and in vitro load tests. A 3-D FE 
model was created with a set up similar to an in vitro load test that assessed the fatigue resistance 
of upper premolars with buccal cusp-replacing resin composite restorations. Occlusal load was 
applied to two geometries (with and without palatal cuspal coverage), and tooth-restoration 
interface and composite material stresses were calculated. Subsequently safety factors were 
calculated by dividing the material strength values by the obtained stresses. The highest safety 
factors were observed for the restorations with cuspal coverage. This was consistent with the load 
test, in which cuspal coverage led to higher fracture resistance. Furthermore, the FE analysis 
predicted that failure of the tooth-restoration interface is more likely than failure of the composite 
material. The load test showed predominantly adhesive failures of the restorations. Although the 
described test methods did not lead to a complete understanding of the failure mechanism, it can 
be concluded that the FE analysis provides additional information with regard to the differences in 
fracture behavior of these types of restorations. 
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Introduction 
 
 
The development of adhesive dentistry enables minimal invasive treatment alternatives for the 
conventional crown.1 Especially in case of cusp fracture in the premolar region tooth-colored 
adhesive cusp-replacing restorations can be a tissue saving and esthetically acceptable option. 
However, no data are available on the clinical performance of those cusp-replacing restorations. 
More than that, it is unknown which clinical criteria have to be met with regard to cavity geometry. 
Therefore, the following question has to be answered: can we rely solely on the adhesion of the 
restorative material to the tooth surfaces, or do we need to include retention and resistance forms 
by means of cavity preparation? Experimental in vitro load tests can provide guidelines to the 
practitioner in order to determine the optimal cavity configuration for clinical application. 
Several aspects of cavity geometry of adhesive cusp-replacing restorations have been 
studied with in vitro load tests. Preparation of an additional cervical shoulder preparation did not 
improve the shear force resistance of cusp-replacing direct resin composite restorations, in case 
some resistance form was already present in the preparation.2 Another study indicated that 
reducing the height of the remaining sound cusp, in order to obtain cuspal coverage for protection 
of the intact cusp, increases the fracture resistance.3 However, the consequences of the latter 
study seemed to be conflicting since the stronger restorations with cuspal coverage showed more 
dramatic root fractures in case of failure. This failure behavior could not be explained, since in vitro 
load tests do not reveal information about internal stresses that precede failure. Measurements of 
these internal stresses may provide insight into the failure mechanism or initiation, which in turn 
may provide directions with regard to the configuration of adhesive cusp-replacing restorations. 
Physical measurements of the stresses within a structure are virtually impossible. With 
finite element (FE) simulations these stresses can be calculated.4-6 Subsequently, the 
stress:strength ratios or safety factors for each individual material can provide an indication which 
locations of the structure (enamel, dentin, resin composite, tooth-restoration interface) are most 
susceptible to failure.7-9 FE analysis may thereby provide insight into the failure mechanism. 
Therefore, the question posed in this study was: can internal stresses explain the fracture 
resistance and failure modes of cuspal coverage composite restorations? The aim of this study 
was to explore and compare the results of occlusal load application to buccal cusp-replacing resin 
composite restorations with and without palatal cuspal coverage, studied by means of FE analysis 
and in vitro load tests. 
 
 
Material and methods 
 
 
A 3-D FE model was created to simulate the set up of an in vitro load test that assessed the fatigue 
resistance of upper premolars with buccal cusp-replacing resin composite restorations without 
(Geometry A) and with (Geometry B) palatal cuspal coverage (Fig 6-1). The set up and the results 
of the load test have been described in detail previously.3 In the load test, cyclic load was applied 
to the restored human premolars starting at a load of 200 N and followed by stages of 400 N up to 
1,000 N maximum. The specimens were loaded until fracture or to 210,000 cycles maximum. Of 
the specimens with Geometry A, 20% withstood all 210,000 loading cycles, of the specimens with 
Geometry B this was 55%. The majority of fractures for both geometries showed failure of the 
tooth-restoration interface along the palatal cavity surface. Of the fractured specimens with 
Geometry A, 19% ended below the cemento-enamel junction (CEJ), while for Geometry B this was 
78%. 
In order to create an FE model of a premolar with a geometry similar to the geometry of the 
restored premolars in the load test, the geometries of the enamel, dentin, pulp and cusp-replacing 
restoration in the FE simulation were reproduced by scanning a restored premolar with a micro CT 
technique, using the same upper premolar that served as master model in the load test.10 With this 
method a 3-D model was obtained with Geometry A that consisted of 7797 iso-parametric 
elements and 9500 nodes. Between the restoration and the tooth tissue adhesive contact was 
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modeled. All materials were assumed to be linear elastic and isotropic. Enamel, dentin, pulp and 
resin composite were characterized based on the data of Table 6-1. This model geometry has 
been used for analyses previously.8,9 Geometry B was modeled by replacing the physical 
characteristics of enamel and dentin in the occlusal part of the palatal cusp by these of resin 
composite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6-1. 3-D FE model of a maxillary premolar with cavity preparation and restoration 
for Geometries A and B. 
 
 
In the FE model, for both geometries a load of 500N was distributed to both cusps of the 
premolar by one point load for each cusp. The results of previous studies indicated that failure of 
the tooth-restoration interface, especially along the palatal cavity surface, is more probable than 
failure of the composite material.3,8,9 This FE analysis focused on the interface and also on the 
composite material directly adjacent to the interface along the palatal cavity surface wall. The 
following areas were defined: interface area I from the occlusal surface to the step-bottom for 
Geometry A; interface area II from the bottom of the boxes to 1,5 mm below the occlusal surface 
for Geometries A and B; interface area III at the base of the palatal cusp for Geometry B; 
composite layer directly adjacent to the axial cavity wall for Geometries A and B (Fig 6-2). For 
Geometry A 
Geometry B 
Restoration Preparation 
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these areas interface stresses and material stresses were calculated using FE software 
(MSC.Software, Santa Ana, CA, USA). 
 
 
Table 6-1. Material characteristics of the various material used in the FE model 
 
Material  Elastic modulus (Gpa) Poisson’s ratio 
Dentin 18.6 0.31 
Enamel 84.1 0.30 
Pulp 0.002 0.45 
Resin composite 20 0.30 
 
 
As an indication of the peak stresses in the resin composite layer, the stress level beyond 
which 10% of the total composite volume was stressed (10%vol) rather than the peak value of the 
principal stresses was considered in order to reduce the effect of artifacts at singular points in the 
model. The same approach was used for the calculation of interface stresses: the stress level 
beyond which 10% of the interface surface area was stressed with either a tensile (10%tens) or a 
shear stress (10%shear) was determined. 
Safety factors were calculated for the tooth-restoration interface and the composite material 
by dividing the strength (tensile, shear or compressive) of the material, as found in the literature, by 
the respective stress value (10%) that resulted from the FE analysis.8 All situations with a safety 
factor below 1 are prone to failure. The lower the safety factor, the higher the possibility of failure 
and the less load is required for fracture of the material. The safety factors were compared to the 
actual performance of both geometries in the load test. 
 
 
Results 
  
 
At the tooth-restoration interface in the FE model, the magnitude of normal (either tensile or 
compressive) and shear stresses depended on the location (Fig 6-3 and Table 6-2). For the normal 
stresses, the following pattern was observed: the highest tensile stresses were observed at 
interface area I (Geometry A). For interface area II, both geometries showed comparable tensile 
stresses. Interface area III (Geometry B) was not subjected to tensile but to compressive stresses. 
The highest shear stresses were observed at interface area III (Geometry B), followed by interface 
area I (Geometry A). For interface area II, Geometries A and B showed comparable shear 
stresses. 
The stress distribution within the composite layer revealed differences between Geometries 
A and B with regard to stress level and location (Figs 6-4 and 6-5 and Table 6-3). While the tensile 
stresses for Geometry A and B were comparable, the compressive and the shear stresses for 
Geometry B were higher. Furthermore, the shear stresses for Geometry B were located at the 
base of the composite layer, while the shear stresses for Geometry A were located at the occlusal 
part of the restoration (Fig 6-5). 
In general, the safety factors for Geometry A were lower than for Geometry B (Tables 6-2 
and 6-3). The lowest safety factor was observed for interface area I (Geometry A). From the FE 
analysis this interface is most prone to failure, followed by interface area II of Geometry B. All 
safety factors for the composite material were higher than those for the tooth-restoration interface. 
The results of the FE analysis corresponded to the results of the load test. The higher 
safety factors of Geometry B in the FE analysis were in agreement with the higher survival of the 
specimens with this geometry in the load test. With regard to the failure mode, the FE analysis 
predicted that failure of the tooth-restoration interface is more likely than failure of the composite 
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material. This was in accordance with the findings in the load test where mostly adhesive failures 
were observed and hardly any cohesive fractures of the composite material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6-2. Areas studied in the FE analysis indicated by the light shade: (A) interface area 
I and II for Geometry A, (B) interface area II and III for Geometry B, 
and (C) the composite layer for Geometries A and B. 
(C) 
III II 
II I 
(A) 
(B) 
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Fig 6-3. Cumulative (A) normal and (B) shear stresses at the interface. 
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Table 6-2. Stress values and safety factors for the interface areas 
 
 Geometry A Geometry B 
 Area I Area II Area II Area III 
Tensile stress (MPa) 24 21 22 - 
Safety factor tensile stress for enamel* 0.79-1.0 0.9-1.14 0.86-1.09 - 
Safety factor tensile stress for dentinº 0.38 0.44 0.42* - 
Shear stress (MPa) 14 12 11 20 
Safety factor shear stress for enamel 1.29 1.5 1.64 0.9 
Safety factor tensile stress for dentin 0.98 1.14 1.25 0.69 
*Enamel tensile bond strength Clearfil Photobond (Kuraray, Osaka, Japan): 19-24 MPa, adapted from Yamaguchi et al.16 
ºDentin tensile bond strength: 9.2 MPa, adapted from Al-Salehi and Burke11 
Enamel shear bond strength Clearfil Photobond (Kuraray, Osaka, Japan): 18 MPa, adapted from Kuraray 
Dentin shear bond strength Clearfil Photobond (Kuraray, Osaka, Japan): 13.7 MPa, adapted from Kuraray 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6-4. Cumulative composite principal stresses in the composite layer directly 
adjacent to the axial cavity wall for both geometries. 
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Fig 6-5. Magnitude and location of composite layer shear stresses for (A) Geometry A, and (B) Geometry B. 
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Table 6-3. Stress values and safety factors for the resin composite layer 
 
 Geometry A Geometry B 
Tensile stress (MPa) 26 26 
Safety factor tensile stress* 3.0 3.0 
Shear stress (MPa) 21 30 
Safety factor shear stressº 2.1-3.2 1.4-2.2 
Compressive stress (MPa) 23 38 
Safety factor compressive stress 12.8 7.7 
*Tensile strength Clearfil Photoposterior (Kuraray, Osaka, Japan): 77 MPa, adapted from Yamamoto et al.17 
ºShear strength resin composite:43-67 MPa, adapted from Pilo et al.12 
Compressive strength Clearfil Photoposterior (Kuraray, Osaka, Japan): 294 MPa, adapted from Eldiwany et al.18 
 
 
Discussion 
 
 
The micro CT technique enables the construction of a highly detailed 3-D FE model of a restored 
human premolar.10 To ensure similarity of the FE simulation and the set up of the load test, micro 
CT scans were obtained from the same premolar that served as the master model in the load test. 
The load magnitude in the FE simulation differed from the cyclic load in the experiment. The FE 
load was set to 500 N while the load test used load values starting at 200 N up to 1,000 N 
maximum. However, the chosen load value in the FE simulation does only influence the height of 
the calculated stresses values, not the ratio of the different stresses. To simulate the maximum 
load of one load cycle in the fatigue test, a static point load was applied to each cusp in the FE 
simulation. In the load test the surface area loaded by the cylinder might have increased during the 
fatigue test, due to wear of the restored surface. It is not known to what extent this factor causes 
differences between the results of the FE analysis and the load test. A limitation of the study is that 
the FE model was linear elastic. Furthermore, fatigue failure of the materials and their interfaces 
was not incrementally simulated. Hence, the FE simulation predicts the initiation of failure instead 
of the nature of the failure process. It does not show how the fracture proceeds along the 
interfaces and within the materials. Therefore, this type of simulation should be considered as a 
starting point with respect to computer modeling of the failure process of dental restorations as 
described in this study. 
The safety factors, and consequently the comparison of results of the FE analysis with the 
results of the load test, depend on the availability of strength values of the tooth-restoration 
interface and the composite material. A limitation in this respect is that the strength values 
originated from different sources with different test methods since standard mechanical test data 
are not available (Tables 6-2 and 6-3). Furthermore, no data could be obtained with regard to the 
dentin tensile bond strength of the adhesive system and the shear strength of the resin composite 
that were used in the loading experiment. These data have been adapted from studies of 
comparable materials.11,12 
The safety factors indicate that the tooth-restoration interface area I (Geometry A) is most 
prone to failure. Due to the cuspal coverage, this high-risk area does not exist in Geometry B. 
From the FE analysis it is therefore suggested that the load required for failure of Geometry B is 
higher. This is in agreement with the higher fracture resistance found for the specimens with 
palatal cuspal coverage in the load test. With regard to the interface shear stresses, the lowest 
safety factor was observed for interface area III (Geometry B). This seems to be in contradiction 
with the higher survival of the specimens with this geometry in the load test. However, interface 
failure is governed by the combination of shear and normal stresses (either compressive or 
tensile). A combination of shear and tensile stresses is far more unfavorable than a combination of 
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shear and compressive stresses, and might lead to peel failure of the interface. The loads for 
adhesive failure by peeling action are considerably less than those required for pure tensile bond 
failure.13 Interface area III was subjected to shear and compressive stresses, whereas the other 
interfaces were subjected to shear and tensile stresses. This might explain why the horizontal 
interfaces did not fail in the experiment. In addition, this also shows the urgent need for standard 
mechanical test data concerning interface strengths under combined stress conditions. This 
information is lacking in the literature. Data on this topic would be very valuable to improve the 
interpretation of experimental results and FE simulations as described in this study. 
The results of the FE analysis indicate that failure of the tooth-restoration interface is more 
likely than failure of the composite material. The application of a resin composite with lower 
strength values would make cohesive failure of the composite material more probable. 
Furthermore, the characteristics of the adhesive interface layer will influence the results. In this 
study, adhesive contact was modeled between the restoration and the tooth tissue. The tooth-
restoration interface could be even more at risk if an adhesive interface layer was modeled, with a 
lower modulus of elasticity than the resin composite and the tooth tissue.14 
Though failure of the composite material is not very likely, the FE analysis revealed 
interesting differences between Geometries A and B with regard to the stresses in the resin 
composite layer. Geometry B showed higher compressive and shear stresses, with the shear 
stresses located at the base of the restoration next to the vertical tooth-restoration interface. The 
compressive stresses in the resin composite are a consequence of deformation of the material 
under load. For Geometry B more deformation can occur since the palatal cusp consists of resin 
composite with a low modulus of elasticity instead of enamel with a high e-modulus. The higher 
shear stresses at the base of the restoration for Geometry B may be a consequence of the higher 
deformation of the resin composite that is constrained by the stiff enamel. 
With the current FE analysis the difference in failure modes above and below the CEJ, as 
observed in the load test, could not be simulated. For that simulation the development of a more 
complicated model with a dynamic simulation of the failure process would be required. 
Furthermore, modeling of enamel anisotropy would add to the accuracy of the model.15 However, 
the present FE analysis did provide possible explanations with regard to the unfavorable failure 
mode of the specimens with Geometry B in the load test. The load required for failure of Geometry 
B is expected to be higher. Possibly this higher load leads to a more catastrophic failure. 
Furthermore, the higher composite compressive and shear stresses for Geometry B, located at the 
base of the restoration, may add to the unfavorable failure modes of the specimens with Geometry 
B in the load test. 
The purpose of this study was to explain the actual failures (load test) from the theoretical 
calculations (FE analysis) by comparing the results of both test methods. Although the described 
test methods did not directly lead to a complete understanding of the failure mechanism, it can be 
concluded that the FE analysis provides additional information with regard to the differences in 
fracture resistance and failure mode of buccal cusp-replacing resin composite restorations with 
and without palatal cuspal coverage. 
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Abstract 
 
 
Restoration of dental restorations with resin composite is hampered by shrinkage of the material 
during the polymerization process. In this study, we simulated the polymerization process in a 
detailed 3-D finite element model of a human upper premolar with a cusp-replacing restoration. It 
was analyzed how the stress patterns changed during polymerization and it was assessed whether 
immediate failure of the restoration is likely to occur and if so, which locations within the restoration 
are at highest risk and what the clinical implications of these findings are for clinical practice. It was 
found that the stresses increased rapidly during polymerization and decreased again in the post-
polymerization phase. At the interface, tensile stresses relaxed to a higher degree than the shear 
stresses. Stress values in the composite material and at the interface with the tooth tissue were 
lower than the reported strength values suggesting that immediate failure is unlikely. The safety 
factor against mechanical failure of the interface, however, was relatively low indicating that the 
interface between the composite material and the tooth tissue is at a higher risk for failure than the 
bulk of the restoration. Stress relaxation was less effective in areas where the interface surface 
was irregular. In common practice, irregular interface surfaces are used to increase the retention of 
the restoration. This study indicates that the increased retention may be compromised to some 
extent by higher shrinkage stresses. The fact that stresses considerably decreased during the 
post-polymerization period suggests that mechanical loading should be limited during the first few 
hours after restoration. 
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Introduction 
 
 
Cusp fracture of posterior teeth is a common phenomenon in dental practice.1 The traditional 
treatment after cusp fracture is to restore the teeth with artificial crowns. However, this is a 
relatively expensive method in terms of biological damage and financial costs. Therefore, 
alternative solutions are being explored. For molars cusp-replacing amalgam restorations have 
been shown to be a viable alternative. A survival rate of 88% after 8.3 years has been published.2 
For premolars a potential solution is to use tooth-colored resin composite (applied directly or 
indirectly) to reconstruct the teeth.3 However, restoration with resin composite is hampered by 
shrinkage of the material during the polymerization process. During the restoration procedure, the 
resin composite is bonded to the tooth tissues resulting in the accumulation of shrinkage stresses 
at this interface. It is suggested that these stresses, which are referred to as ‘pre-stresses’, result 
in cuspal deflection and can lead to fracture of the enamel or tooth 4 or failure of the bonded 
interface before any load to the restoration is applied.5 This may lead to pre-mature failure of the 
restoration, micro leakage and postoperative sensitivity. It would be valuable to be able to 
determine the magnitudes and locations of these pre-stresses in dental restorations. 
Physical measurements of these stresses are virtually impossible. At present, it seems that 
3-D finite element simulations of the polymerization process are the only way to estimate the 
magnitudes of these pre-stresses at the interfaces and within the materials. These simulations will 
also allow to analyze which locations within a certain material (resin composite, dentine, enamel, 
interfaces) are most susceptible to failure and how restorations should be created in order to 
minimize these pre-stresses. Recently, the authors have developed a method to generate detailed 
3-D models based on micro CT data from a restored tooth.6 High geometrical detail is important to 
be able to capture the high-stress gradients that usually occur in regions where the geometry of 
the materials is irregular. Hence, this would not be captured in more global models as used in the 
past.7-9 
Simulation of the polymerization process has been facilitated by recent publications that 
provide the required input for the FE models.10-12 Resin composites exhibit two opposing processes 
during polymerization: shrinkage and visco-elasticity. Shrinkage is caused by a more efficient 
volumetric packing of molecules and creates stresses in the polymerizing material. These stresses, 
however, are decreased by the viscous behavior of the composite material during the early stage 
of polymerization. In addition, Poisson’s ratio of the polymerizing composite material changes in 
time. Hübsch et al.12 applied polymerization data to dental restorations. They analyzed bonded 
inlays and directly placed restorations in a Class I cavity and found that the bonded inlays 
produced higher interface stresses due to shrinkage of the luting cement. Although their axi-
symmetric finite element model was adequate for a Class I restoration, it cannot be applied to 
more complex geometrical situations, like MOD restorations. In addition, they reported the effects 
of the polymerization only at one time point, whereas it is important to assess how stresses and 
deformations develop over time to facilitate the understanding of the mechanics involved. 
The questions posed in this study were: 
 
(a) Is it possible to simulate the changing stress pattern during and after polymerization in a 
detailed 3-D model? 
(b) How do these stresses change during polymerization of the composite material? 
(c) Is it reasonable to assume that polymerization stresses cause an immediate failure of the 
restoration and if so, which locations within the restoration are at highest risk? 
(d) What are the clinical implications of the results? 
 
 
Material and methods 
 
 
An FE model (MARC/McNeal Schwendler) of a human upper premolar was created (Fig 7-1). 
Using a micro CT scanner the geometries of the dentin, pulp, enamel, and a cusp-replacing 
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restoration of resin composite were modeled as described before.6 Relative to this earlier model, 8-
node iso-parametric brick elements instead of tetrahedrons were used to enable easier calculation 
of the stresses between the various materials (interface stresses). The current model consists of 
7797 elements and 9500 nodes. Mechanical properties of the materials are listed in Table 7-1. All 
materials were assumed to be linear elastic (except for the composite material) and isotropic. The 
resin composite was assumed to be rigidly fixed to the tooth tissue using tyings, which prescribes 
equal displacement of both the composite and premolar node. The interface stresses were 
calculated from the internal nodal forces at the interface. Using local coordinate systems and 
actual contact surface at the interface, these nodal forces were transformed into interface stresses. 
This method ensured compatibility of the interface stresses, which is not achieved when interface 
stresses are calculated by extrapolation of element integration point values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7-1. The detailed 3-D finite element model of the restoration. 
 
 
The model included the main time-dependent polymerization parameters: shrinkage, creep, 
Young’s modulus and Poisson’s ratio. These parameters were adapted during the simulation, with 
user-defined software subroutines. The parameters were calculated from data for a chemical 
polymerizing composite (P10, 3M), measured with a special test setup (Table 7-2).11 The 
shrinkage was modeled using temperature-dependent expansion. Decreasing temperature, and 
using a non-physiological expansion coefficient, resulted in the necessary shrinkage values. Creep 
was modeled with an associative creep law10 using time-dependent apparent viscosity.12 This 
means that the creep process was only driven by the deviatoric part of the stress tensor, and not 
composite 
enamel 
dentine 
pulp 
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by the hydrostatic part. As a result, the creep or relaxation process may converge to a situation in 
which the construction is still stressed (hydrostatically), but the creep or relaxation process has 
stopped. The time-dependent Poisson’s ratio was interpolated based on the fact that polymers 
below rubber point are (almost) incompressible (having an estimated Poisson’s ratio of 0.45) and 
that the Poisson’s ratio of a solid composite was measured to be 0.21.13 The algorithm of the 
simulation was verified by simulating a polymerizing cylindrical specimen between two opposing 
disks as described by Hübsch et al.11 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7-2. Generic representation of the development of the stresses within the materials and at the interface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7-3. Principal stress distribution of the composite material at different time points (bottom view). 
 
 
It was further assumed that the polymerization process finished at 15 minutes.12 The initial 
part of the simulation was performed in steps of 1 minute. After 15 minutes, the step size was 
increased to 5 minutes. The FE software calculated the principal stresses and strains for the 
separate materials, and the interface stresses between restoration and premolar for each time 
increment. The simulation continued until 8.5 hours after the start of the polymerization. It should 
be noted that the material parameters are held constant after the polymerization process had 
finished. Hence, stresses after 15 minutes could only change due to a small amount of residual 
visco-elastic behavior of the composite material. 
To reduce the effect of artifacts at singular points in the model, the stress level beyond 
which 10% of the total composite volume was stressed (10%vol) instead of one peak value of the 
Time 
Phase III 
Phase II 
Phase I 
Stress 
MPa 
15 
0 
5 minutes 15 minutes 525 minutes 
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maximal principal stress was considered as a quantity to indicate the development of peak 
stresses in the resin composite. For the interface a similar approach was taken. We calculated the 
total interface surface area and determined the stress level beyond which 10% of the interface 
surface area was stressed either with a tensile stress (10%tens) or with a shear stress (10%shear). 
 
 
Table 7-1. Mechanical properties of the host materials 
 
 E-modulus (N/mm2) Poisson’s ratio 
Dentine 18,600 0.31 
Enamel 84,100 0.30 
Pulp 2 0.45 
 
 
Table 7-2. Time-dependent polymerization parameters for a chemical curing composite*  
 
Time 
(min) 
E-modulus 
(N/mm2) 
Apparent viscocity 
(N/mm
2
min) 
Volumetric shrinkage 
(%) 
Poisson’s 
ratio 
0.0 40 1,000 0 0.45 
2.5 40 1,000 1.25 0.45 
5.0 700 12,900 1.93 0.30 
7.5 2140 14,480 2.20 0.21 
10.0 3800 18,400 2.31 0.21 
12.5 4600 36,000 2.37 0.21 
15.0 5400 53,700 2.41 0.21 
900.0 5400 53,700 2.41 0.21 
*Adapted from Hübsch et al.10 and from Hübsch et al.11 
 
 
Results 
 
 
In general, the stress generation within the materials and at the interfaces developed in three 
stages. Initially, very little stresses were accumulated due to the viscous behavior of the resin 
composite material (Phase I, Fig 7-2). Subsequently, stresses increased due to shrinkage, 
stiffening and a reduction of the visco-elasticity of the material Phase II). During the subsequent 
time period, (Phase III), stress relaxation occurred. Initially with a quick stress relaxation rate, 
which decreased over time as the visco-elasticity gradually diminished. The magnitudes of the 
accumulated stresses and the rate of stress relaxation depended on the location within the 
restoration (Fig 7-3). At the end of the polymerization phase (Phase II), relatively high tensile 
stresses (up to 15 MPa) were generated in the resin composite close to the interface with the tooth 
tissue. Closer to the periphery of the restoration, lower tensile stresses were generated as the 
material was free to shrink without any constraints. The same mechanism of accumulation of 
stresses was found for the interface stresses. Higher interface stresses were created at locations 
where the interface geometry was more irregular. In the post-polymerization period (Phase III), the 
stress relaxation was more effective further away from the interface. Hence, stresses at the 
periphery of the resin composite decreased to virtually zero, whereas close to the interface 
stresses decreased to a lower degree. 
 
 
79
The overall stress distribution in the resin composite material indicated that stresses were 
primarily accumulated in the period between 2 and 8 minutes (Fig 7-4). During this period 0.95% 
volumetric shrinkage occurred, which is about 40% of the total volumetric shrinkage during 
polymerization. At the end of the polymerization period, the peak stresses in the composite 
material (10%vol) were about 4 MPa. These were considerably decreased to 1 MPa at the end of 
the simulated post-polymerization phase (525 min). 
 
 
Fig 7-4a. Graphical representation of the development of maximal principal stresses during polymerization. Shown is the 
amount of composite material volume (on the vertical axis) which is exposed to 
a higher stress level than indicated on the horizontal axis at different time points. 
 
 
 
Fig 7-4b. Graphical representation of the reduction of maximal principal stresses in the post-polymerization phase. 
Shown is the amount of composite material volume (on the vertical axis) which is exposed to 
a higher stress level than indicated on the horizontal axis at different time points. 
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At the interface, shear and normal (either compressive or tensile) stresses were created 
(Figs 7-5 and 7-6). The peak tensile stresses at the interface (10%tens) were about 6 MPa at the 
end of the polymerization process and decreased to 1.5 MPa at the end of the post-polymerization 
phase. With regard to the shear stresses at the interface, the threshold value (10%shear) was about 
5.5 MPa at the end of the polymerization phase and decreased to 2.5 MPa at the end of the post-
polymerization phase. Hence, the tensile interface stresses relaxed to a higher degree than the 
shear stresses. 
 
 
Fig 7-5a. Graphical representation of the development of tensile stresses at the interface during polymerization. Shown 
is the percentage of interface surface (on the vertical axis) which is 
exposed to a higher stress level than indicated on the horizontal axis at different time points. 
 
 
Fig 7-5b. Graphical representation of the development of tensile stresses at the interface in the post-polymerization 
phase. Shown is the percentage of interface surface (on the vertical axis) which is 
exposed to a higher stress level than indicated on the horizontal axis at different time points. 
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Fig 7-6a. Graphical representation of the development of shear stresses at the interface during polymerization. Shown is 
the percentage of interface surface (on the vertical axis) which is 
exposed to a higher stress level than indicated on the horizontal axis at different time points. 
 
 
 
 
Fig 7-6b. Graphical representation of the development of shear stresses at the interface in the post-polymerization 
phase. Shown is the percentage of interface surface (on the vertical axis) which is 
exposed to a higher stress level than indicated on the horizontal axis at different time points. 
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Discussion 
 
 
In this study, a simulation of the polymerizing process of a composite material used in a specific 
type of dental restoration was described. It was shown that the model could simulate stress 
changes within the resin composite material and at its interfaces due to shrinkage, stress 
relaxation, increasing stiffness and changes in Poisson’s ratio. 
The patterns found of initial stress increase and subsequent stress decrease in the post-
polymerization phase are probably generic. However, the magnitudes of stress increase and 
relaxation may depend heavily on geometrical parameters and layering techniques chosen to 
reconstruct the tooth. Detailed 3-D micro CT based finite element models in combination with the 
currently developed simulation of the polymerization process enables analysis of the mechanical 
effects of geometrical variations and clinical procedures in dental restorations. 
The material properties in the model were assumed to be isotropic which must be regarded 
as a simplification of reality, particularly for the enamel as it has been shown that this material has 
anisotropic mechanical properties.9 However, it can be expected that the effects of this difference 
are only minor as the properties of the composite during polymerization and not so much the 
properties of the enamel governed the residual stress creation. 
The initial Poisson’s ratio was chosen as 0.45 to mimic the fluid behavior of the composite 
material during the first phase. However, this value was estimated and not based on experimental 
data. We do not expect, however, that a small variation in this value results in large differences in 
the stress values. This is also confirmed by Hübsch et al.,12 who performed a sensitivity analysis 
on this parameter that showed that the results were affected to only a minor degree. 
The probability of failure of materials and interfaces is often estimated by comparing the 
peak stress values to strength values. However, using FE techniques it is known that unreliable 
stress values are calculated at irregular geometries (singular points) and that the calculations 
depend on mesh density. Convergence studies whereby the models are refined until a converged 
solution (usually displacements) is obtained do not solve this matter as the stresses will only 
increase at singular points with mesh refinement. We therefore chose not to calculate only the 
peak values of the stresses, but to consider a larger volume that was stressed at a high level. In 
this study, we calculated the stress level beyond which 10% of the volume (or surface for the 
interfaces) was stressed. Although 10% is a rather arbitrary percentage, we consider it as a good 
compromise between peak stress values (requiring a low percentage) and reliability of the stress 
values (requiring a larger percentage). 
In this model, the stresses are maximal at the end of the polymerization phase. The 
magnitudes of the stresses should be considered with care and can only serve as an indication 
whether failure due to these polymerization stresses is probable. The values are in agreement with 
those reported by Hübsch et al.12 They reported maximal shear stresses at the interface of about 
8.5 MPa and tensile stresses at the interface up to 8 MPa. However, the interface stress patterns 
were quite different which can be explained by the differences in the models. Hübsch et al. 
considered a Class I restoration, which results in high tensile stresses at the cavity walls along the 
composite/enamel interface. In the current study, a cusp-replacing restoration was modeled with a 
more favorable C-factor14 resulting in a less constrained situation and subsequent lower shrinkage 
stresses in the restoration. 
The results show that the bulk stresses within the composite material are relatively low. The 
maximal tensile stresses of about 4 MPa at the end of the polymerization phase are about 10 times 
smaller than the strength of the material which can be estimated to be about 40–60 MPa.15 The 
maximal composite stresses decreased to about 1 MPa in the post-polymerization phase which 
gives a high safety factor of 40. 
The interface stresses have a smaller safety ratio. At the end of the polymerization phase, the 
maximal tensile stresses were in the order of 6 MPa whereas the maximal shear stresses are 
about 5.5 MPa. For enamel, Barkemeier and Colley16 reported shear bond strengths ranging from 
15.5 (SD 3.0) to 23.7 MPa (SD 5.6) indicating a safety factor of 2.8–4.3. Al-Salehi et al.17 analyzed 
50 investigations on dentin bond strength. They reported a mean of average tensile bond strength 
of 9.20 MPa (SD 6.25) and a mean of average shear bond strengths of 12.97 MPa (SD 6.29) 
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which gives a safety factor of 1.5 and 2.4, respectively. It should be realized that the experiments 
whereby the tensile and shear strengths were determined did not have a significant stress 
component in another direction. In a restored tooth, however, the stress distribution is more 
complex which probably leads to a reduction of the safety factors as indicated above. Although in 
this simulation the interface stresses seemed to remain within acceptable limits, it is clear that 
failure of the interface is much more probable than failure of the composite material itself. This is in 
agreement with general clinical observations where interface problems are more common than 
failure of the bulk material. 
 
 
Conclusions 
 
 
(a) This study has shown that it is possible to simulate the changing stress patterns during and 
after polymerization in a highly detailed manner. 
(b) It was found that the stresses increased rapidly during polymerization and decreased again in 
the post-polymerization phase. At the interface, tensile stresses relaxed to a higher degree than 
the shear stresses. 
(c) Stress values in the composite material and at the interface with the tooth tissue were lower 
than the reported strength values suggesting that immediate failure is unlikely. The safety factor 
against mechanical failure of the interface, however, was relatively low indicating that the interface 
between the composite material and the tooth tissue is at a higher risk for failure than the bulk of 
the restoration. 
(d) Stress relaxation was less effective in areas where the interface surface was irregular. In 
common practice irregular interface surfaces are used to increase the retention of the restoration. 
This study indicates that the increased retention may be compromised to some extent by higher 
shrinkage stresses. The fact that stresses considerably decreased during the post-polymerization 
period suggests that mechanical loading should be limited during the first few hours after 
restoration. 
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Chapter 8 
 
 
 
 
DOES LAYERING MINIMIZE SHRINKAGE STRESSES IN COMPOSITE 
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Abstract 
 
 
Polymerization shrinkage of resin composites may impair restoration longevity. It is hypothesized 
that layering, rather than bulk, techniques result in less stress in the tooth-restoration complex. The 
aim of this study was to compare shrinkage stresses for different restorative techniques used for 
cusp-replacing restorations with direct resin composite. In a 3-D FE model, the dynamic process of 
shrinkage during polymerization was simulated. Time-dependent parameters (shrinkage, apparent 
viscosity, Young's modulus, Poisson’s ratio, and resulting creep), which change during the 
polymerization process, were implemented. Six different restorative procedures were simulated: a 
chemically cured bulk technique, a light cured bulk technique, and 4 light cured layering 
techniques. When polymerization shrinkage is considered, a chemically cured composite shows 
the least resulting stress. The differences seen among various layering build-up techniques were 
smaller than expected. The results indicate that the stress-bearing locations are the interface and 
the cervical part of the remaining cusp. 
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Introduction 
 
 
The setting of composite restorative materials is accompanied by shrinkage due to the formation of 
polymers out of monomers. By the use of specific restorative techniques, stresses resulting from 
constrained shrinkage might be reduced. However, it is not clear which adhesive restorative 
technique should be used to reduce the shrinkage stresses. Applying the composite in layers 
instead of using a bulk technique is suggested to reduce the shrinkage stresses1 and to reduce 
micro-leakage at the interface.2 Another study reported that bulk techniques resulted in lower 
stresses.3 It has also been reported that there is no difference between bulk or layering techniques 
when pain or micro-leakage is concerned.4,5 
The shrinkage stresses may also be influenced by the composition of the restorative 
material.6-8 Polymerization of a chemically cured composite takes more time, which results in lower 
polymerization stresses than when a light cured composite is used. Slow-start polymerization may 
reduce the shrinkage stresses by prolonging the curing time.9,10 
Many variables seem to influence polymerization stresses. With in vitro load tests and 
leakage tests, different aspects of polymerization shrinkage have been studied, but these tests do 
not show the location of the stresses in the tooth-restoration complex. It is important to locate a 
high-stress area because that is most likely the place where failure of the restoration initiates. A 
popular exploratory laboratory technique is Finite Element (FE) model analysis, consisting of 
computer simulation of mechanical processes. With an FE analysis, it is possible to visualize 
internal stresses, and on that basis predictions can be made about failure and its location.3,11,12 FE 
models can be useful for our understanding of the physical process of polymerization, shrinkage, 
and resulting stresses. 
When the polymerization process is modeled in an FE model, this is generally done by 
using the thermal expansion coefficient as a substitute for shrinkage.3,13 During the polymerization 
process, many factors, such as viscosity and Young's modulus, continuously change and will 
therefore influence the resulting stress. The polymerization process has been modeled in a 
simplified 2-D model.14 Although their axi-symmetric FE model was adequate for a Class I 
restoration, it cannot be applied to more complex geometric situations, such as MOD or cusp-
replacing restorations. 
The aim of our study was to compare shrinkage stresses of different restorative techniques 
used in a large cusp-replacing composite restoration to see which technique results in the lowest 
polymerization stresses. The hypothesis was that the chemically cured restoration will develop the 
lowest stresses and that bulk light cured restorations will show higher polymerization stresses than 
restorations built up in layers. We developed a highly detailed 3-D FE model of a premolar to 
incorporate the complex geometric effects of different layering techniques. The dynamic process of 
stress development during the curing process of the composite was modeled. Special attention 
was paid to the developed stresses at the interface for the different restorative methods. 
 
 
Material and methods 
 
 
The FE model used for this study is based upon an earlier FE model.12,15 Micro CT scans were 
used to model the inner geometry of dentin, pulp, enamel, and a cusp-replacing restoration in an 
upper premolar. The outline of the preparation ended in enamel, with a butt joint cervical margin in 
the boxes and the buccal outline ending in a 45°angle (Fig 8-1). The FE model used for this study 
consists of 7797 iso-parametric elements and 9500 nodes. All materials were assumed to be linear 
elastic (except for the composite material) and isotropic. The composite material was assumed to 
be rigidly fixed to the tooth tissue by means of ties, which prescribed equal displacement of both 
the composite and the tooth tissue node. The interface stresses were calculated from the internal 
nodal forces at the interface. Using local coordinate systems and actual contact surface at the 
interface, we transformed these nodal forces into interface stresses. This method ensured 
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compatibility of the interface stresses, which is not achieved when interface stresses are calculated 
by extrapolation of element integration point values. 
The model included the main time-dependent composite polymerization parameters: 
shrinkage, Young's modulus, Poisson’s ratio, and the resulting creep. These parameters were 
adapted during the simulations with user-defined software subroutines. This means that the 
changes in shrinkage, Young's modulus, Poisson’s ratio, and creep that take place during 
polymerization of each layer of the composite were implemented in the model. The parameters 
were calculated from the measured data for a chemically cured composite.11,16 The shrinkage was 
modeled by means of temperature-dependent expansion. Decreasing temperature and the use of 
a non-physiological expansion coefficient resulted in the necessary shrinkage values. The time-
dependent Poisson’s ratio is interpolated based on the fact that polymers below the rubber point 
are (almost) incompressible and that the Poisson’s ratio of a solid composite has been measured 
to be 0.21.17 Creep was modeled with an associative creep law18 based on time-dependent 
apparent viscosity.14 Validation of the algorithms used in our model was described in a previous 
publication.11 
Two restorative approaches were simulated in the model (Fig 8-1). The first was the bulk 
filling technique (with both chemically and light cured composite material) vs. layering techniques 
(light cured composite only). The second approach was a differentiation of layering techniques, 
determined by the sequence of layers applied to the cavity. Two main sequences were modeled 
for this approach: first, to build up the MOD restoration followed by the cusp, which can be 
described as restoring the central part of the cavity first, followed by the peripheral part; and 
second, starting with the cusp, followed by the MOD restoration—that is, first the peripheral part, 
then the central part. As an adaptation of the "central-periphery" sequence, the bases of, 
respectively, the boxes, step, and cusp were filled, followed by the occlusal part of the restoration. 
As an adaptation of the "periphery-central" sequence, a vertical layer of composite was applied to 
the cavity wall of the remaining cusp, followed by building up the missing cusp and the MOD 
restoration. 
To model the different layering techniques, we divided the elements representing the 
restoration into several element sets. Each set represented a layer of the filling procedure. By 
choosing a different order of layers, we could simulate a different restorative approach. Each layer 
was polymerized separately, with a maximum thickness of 2 mm. 
For the bulk chemically cured composite, a setting time of 15 minutes was modeled. For 
the bulk light cured composite, this time was rescaled to 30 sec; hence, all relevant parameters 
were also rescaled. For each layer of the other procedures, a setting time of 30 sec was modeled, 
with a pause of 1 minute between layers. After the last layer was set, the stresses were calculated. 
Changes in temperature during polymerization were assumed to be minimal and therefore were 
not taken into account. For all light cured restorations, it was assumed that the degree of 
conversion was the same as for the chemically cured material. We used FE software 
(MARC/McNeal Schwendler, Palo Alto, CA, USA) to calculate the principal stresses and principal 
strains separately for the different materials (enamel, dentin, and composite). At the interface, 
normal and shear stresses between restoration and tooth tissue were calculated. 
 
 
Results 
 
 
In general, the locations of the high stress concentrations resulting from the polymerization 
shrinkage were similar for all restorative procedures. A representative stress distribution is shown 
in Fig 8-2. The highest tensile stresses were located in the enamel at the cervical part of the non-
restored cusp (Fig 8-2b). High tensile stresses were also seen at the restoration periphery (Figs 8-
2a,b) and at the upper 2 mm of the cavosurface margin of the remaining cusp (Fig 8-2a). High 
interfacial shear stresses were located at the restoration outline and at the internal line angles of 
the preparations (Fig 8-2c). 
Figure 8-3 shows the principal shear stresses with their corresponding volume percentages 
in the enamel, dentin, and composite. In dentin, about 85% of the volume experienced stresses 
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lower than 2 MPa (Fig 8-3a), while for enamel this volume is about 15% (Fig 8-3b). The highest 
stresses were seen in the enamel. Approximately 3% of the volume experienced a shear stress 
higher than 8 MPa (Fig 8-3a). 
When the restoration procedures are compared, the shear stresses were lowest for chemically 
cured composite. This was best demonstrated in the lower stress regions of the composite material 
(Fig 8-3c). In the higher-stress regions (higher than 6 MPa), the differences between the 
chemically cured and the light cured procedures were small. For all procedures, 1-2% of the 
interface surface between tooth and restoration experienced a maximum shear stress of 12 MPa 
or more. For the major part (approximately 80%), the interface was subjected to stresses lower 
than 2 MPa (Fig 8-4). 
 
 
Discussion 
 
 
Stress in a composite restoration is considered a negative characteristic. Polymerization shrinkage 
can result in tensile and shear stresses. Therefore, techniques are applied to minimize the 
stresses due to the polymerization shrinkage. In this study, a 3-D FE model showed resulting 
internal stresses. It was also possible to locate highly stressed regions. This feature is an 
advantage of 3-D FE models over other established research techniques. 
From studying all data, we concluded that the restoration-tooth complex is most likely to fail 
at the interface rather than in the composite or tooth material (Fig 8-2). Estimating the effects of the 
various restorative techniques on the failure probability of the restoration, one has to focus on the 
areas that are highly stressed. A positive effect in terms of lower shrinkage stresses due to 
polymerization in layers can be questioned. This does not imply that a layering technique should 
not be recommended. The main reasons for using the layering technique include easier handling, 
better modeling of the restoration, and improved material polymerization. The bulk light cured 
procedure may not be considered clinically relevant, since bulk light curing will result in a low 
degree of conversion deep inside the restoration. However, this procedure was modeled since it 
was expected to reveal the highest stresses. 
For the models in this study, an adhesive layer was modeled that can be described as a 
robust interface between the cavity surface and the restoration which can resist extreme high 
stress before rupture. The interface was modeled as an adhesive layer of 0 m thick, while in 
some other FE models an adhesive layer of 50 m was modeled.19 In the latter study, it appeared 
that a thicker adhesive layer reduces stress in the tooth-restoration complex. Incorporating a thick 
interface might have reduced the small differences between the restoration approaches, as found 
in this study. Since in vitro study indicates that the thickness of an adhesive layer may vary 
between 10 and 60 m,20 it is not clear which number to choose in this respect. Above all, the 
present FE study was aimed to explore stress distribution in the restorations and at the interfaces 
with different layering sequences of the restorations. An elastic interface might then be a 
confounder. 
In the lower stress regions, differences were seen between the chemically cured and the 
light cured restorations, while there were only minor differences between the different light cured 
restoration techniques. This suggests that the polymerization time of the composite material is 
more important than the restorative procedure in preventing stresses. This supports the advantage 
claimed in the slow-start polymerization theory.9,21 
In two of the layering procedures, the centre of the cavity was restored first, while in the other two 
layering procedures the cusp was restored first, and an MOD like cavity remained to be filled (Fig 
8-1). In the literature, many articles are found describing cusp movement as a result of high 
stresses developed during polymerization of MOD restorations.22,23 These high stresses are often 
explained by the unfavorable C-factor of the MOD cavity. The C-factor is unfavorable for the 
procedures in which the cusp was first built up; therefore, the shrinkage stresses in these 
procedures were expected to be higher than those in the procedures in which the centre of the 
cavity was restored first. This study did not show differences between these two procedures. An 
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explanation might be that the cusp made in composite is more flexible than a cusp of dentin and 
enamel, as in the situation of an MOD restoration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 8-1. The different restorative techniques. Each color represents a new composite layer. (A) Bulk chemically cured 
and light cured. (B) Central-periphery sequence. (C) Central-periphery sequence, 
adapted. (D) Periphery-central sequence. (E) Periphery-central sequence, adapted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 8-2. A representative distribution and location of diverse stresses (MPa). (A) Maximal principal stress. (B) Maximal 
principal stress. (AQ) (C) Shear stress at the interface. 
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Fig 8-3. Shear stresses (MPa) in the tooth tissues and composite for each restorative technique 
(A) Enamel, (B) dentin, (C) composite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 8-4. Interface surface area (%) with shear stresses (MPa) for the different restorative procedures. 
Dotted lines mark the 2- and 12-MPa cut-off values. 
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Failure probability of the materials and the interface is often estimated by comparison of the 
peak stress values with strength values. A simulation of the polymerization process of chemically 
cured resin composite revealed that failure of the interface is much more probable than failure of 
the composite material.11 A literature analysis of shear bond strengths showed an average shear 
bond strength of 12 MPa between dentin and resin composite.24 If shear stresses higher than 12 
MPa are considered in the FE model, 1-2% of the interface might be debonded (Fig 8-4). 
Debonding alters the stress distribution and may increase the interface stresses at locations close 
to the debonded side. Hence, the debonding process may be a propagating process. Whether this 
debonding process continues over time, and whether such low percentages of debonded interface 
surface have clinical consequences, is unknown. 
The stresses in this model were pure polymerization stresses calculated during and directly 
after the restorative procedure. The percentages of debonded surfaces can increase when load is 
applied to the restoration. The consequences of this debonding are not considered in this model. 
Additionally, it can be expected that the stresses decrease during the first hours after 
polymerization.11 For this reason, it can be advisable to instruct the patient not to load the 
restoration for a certain period. 
Based on the present results, it can be concluded that when polymerization shrinkage is 
considered, a chemically cured composite shows the least resulting stress. The differences seen 
between various layering build-up techniques were smaller than expected. For a cusp-replacing 
restoration, the order in which the composite layers are placed has almost no influence on the 
developed stress. Therefore, specific application methods concerning the order of layers to reduce 
polymerization stress are not indicated. The stress-bearing locations are the interface between the 
preparation and the restoration and at the cervical part of the remaining cusp. 
 
 
References 
 
 
1. Donly KJ, Jensen ME. Posterior composite polymerization shrinkage in primary teeth: an in vitro comparison of 
three techniques. Pediatr Dent 1986;8:209-12. 
 
2. Tjan AHL, Bergh BH, Lidner C. Effect of various incremental techniques on the marginal adaptation of class II 
composite resin restorations. J Prosthet Dent 1992;67:62-6. 
 
3. Versluis A, Douglas WH, Cross M, Sakaguchi RL. Does an incremental filling technique reduce polymerization 
shrinkage stresses? J Dent Res 1996;75:871-8. 
 
4. Opdam NJM, Roeters FJM, Feilzer AJ, Verdonschot EH. Marginal integrity and postoperative sensitivity in Class 2 
resin composite restorations in vivo. J Dent 1998;26:555-62. 
 
5. Opdam NJM, Feilzer AJ, Roeters FJM, Smale I. Class I occlusal composite resin restorations: in vivo post-
operative sensitivity, wall adaptation and microleakage. Am J Dent 1998;11:229-34. 
 
6. Donly KJ, Jensen ME, Reinhardt J, Walker JD. Posterior composite polymerization shrinkage in primary teeth: an 
in vivo comparison of three restorative techniques. Pediatr Dent 1987;9:22-5. 
 
7. Suliman AH, Boyer DB, Lakes RS. Polymerization shrinkage of composite resins: comparison with tooth 
deformation. J Prosthet Dent 1994;71:7-12. 
 
8. Swift EJ Jr, Triolo PT Jr, Barkmeier WW, Bird JL, Bounds SJ. Effect of low-viscosity resins on the performance of 
dental adhesives. Am J Dent 1996;9:100-4. 
 
9. Feilzer AJ, Dooren LH, de Gee AJ, Davidson CL. Influence of light intensity on polymerization shrinkage and 
integrity of restoration-cavity interface. Eur J Oral Sci 1995;103:322-6. 
 
10. Yoshikawa T, Burrow MF, Tagami J. The effects of bonding system and light curing method on reducing stress of 
different C-factor cavities. J Adhes Dent 2001;3:177-83. 
 
11. Proos KA, Swain MV, Ironside J, Steven GP. Finite element analysis studies of an all-ceramic crown on a first 
premolar. Int J Prosthodont 2002;15:404-12. 
 
 
 
95
12. Barink M, Van der Mark PCP, Fennis WMM, Kuijs RH, Kreulen CM, Verdonschot N. A three-dimensional finite 
element model of the polymerization process in dental restorations. Biomaterials 2003;24:1427-35. 
 
13. Winkler MM, Katona TR, Paydar NH. Finite element stress analysis of three filling techniques for class V light-
cured composite restorations. J Dent Res 1996;75:1477-83. 
 
14. Hübsch PF, Middleton J, Knox J. A finite element analysis of the stress at the restoration-tooth interface, 
comparing inlays and bulk fillings. Biomaterials 2000;21:1015-9. 
 
15. Verdonschot N, Fennis WM, Kuijs RH, Stolk J, Kreulen CM, Creugers NHJ. Generation of 3-D finite element 
models of restored human teeth using micro CT-techniques. Int J Prosthodont 2001;14:310-5. 
 
16. Feilzer AJ, De Gee AJ, Davidson CL. Quantitative determination of stress reduction by flow in composite 
restorations. Dent Mater 1990;6:167-71. 
 
17. Akinmade AO, Nicholson JW. Poisson's ratio of glass polyalkenoate (glassionomer) cements determined by an 
ultrasonic pulse method. J Mater Science Med 1995;6:483-5. 
 
18. Hübsch PF. A numerical and analytical investigation into some mechanical aspects of adhesive dentistry (PhD 
thesis). Swansea, UK: Univ. of Wales 1995. 
 
19. Ausiello P, Apicella A, Davidson CL. Effect of adhesive layer properties on stress distribution in composite 
restorations-a 3D finite element analysis. Dent Mater 2002;18:295-303. 
 
20. Kuijs RH, Burgersdijk RCW, Roeters FJM. Laagdikte van hechtlakken. Relatie laagdikte en viscositeit. [Layer 
thickness of dental adhesives. Relation between layer thickness and viscosity]. Ned Tijdschr Tandheelkd 
1998;12:434-6. 
 
21. Versluis A, Tantbirojn D, Douglas WH. Do dental composites always shrink toward the light? J Dent Res 
1998;77:1435-45. 
 
22. Suliman AA, Boyer DB, Lakes RS. Cusp movement in premolars resulting from composite polymerization 
shrinkage. Dent Mater 1993;9:6-10. 
 
23. Meredith N, Setchell DJ. In vitro measurement of cuspal strain and displacement in composite restored teeth. J 
Dent 1997;25:331-7. 
 
24. al-Salehi SK, Burke FJ. Methods used in dentin bonding tests: an analysis of 50 investigations on bond strength. 
Quintessence Int 1997;28:717-23. 
 
 
 
96
 
 
 
97
   
Chapter 9 
 
 
 
 
A COMPARISON OF FATIGUE RESISTANCE OF THREE MATERIALS 
FOR CUSP-REPLACING ADHESIVE RESTORATIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
R.H. Kuijs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
_________________________________________ 
This chapter is submitted to the Journal of Dentistry: Kuijs RH, Fennis WMM, Kreulen CM, Roeters FJM, 
Verdonschot N, Creugers NHJ. A comparison of three materials for cusp-replacing adhesive 
restorations. J Dent (submitted). 
 
 
98
Abstract 
 
 
This study assessed the fatigue resistance and failure behavior of cusp-replacing restorations in 
premolars using different types of adhesive restorative materials. A Class II cavity was prepared 
and the buccal cusp was removed in an extracted sound human upper premolar. By using a copy-
milling machine this preparation was copied to 60 human upper premolars. In groups of 20 
premolars each, direct resin composite restorations, indirect resin composite restorations and 
ceramic restorations were made. All restorations were cusp replacements made in standardized 
shape and with adhesive techniques. Cyclic load (5 Hz) was applied starting with a load of 200 N 
(10,000 cycles) followed by stages of 400 N, 600 N, 800 N and 1,000 N at a maximum of 50,000 
cycles each. Samples were loaded until fracture or to 210,000 cycles maximum. In case of 
fracture, the failure mode was recorded. No differences were seen in fracture strength between the 
three groups (Wilcoxon, p =0.16). No differences were observed with regard to failure mode above 
or below the cemento-enamel junction (chi-square, p =0.63). The indirect resin composite and 
ceramic restorations showed significantly more combined cohesive and adhesive fractures than 
the direct resin composite restorations, which showed more adhesive fractures (chi-square, p 
=0.03 and p =0.002). The results of this study suggest that ceramic, indirect resin composite and 
direct resin composite restorations provide comparable fatigue resistance and exhibit comparable 
failure modes in case of fracture, although the indirect restorations tend to fracture more 
cohesively than the direct restorations. 
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Introduction 
 
 
Complete cusp fracture of posterior teeth, especially those restored with Class II amalgam 
restorations, is a common phenomenon in dental practice with incidence rates varying from 20.51 
to 712 per 1,000 person-years at risk. The vast majority of cusp fractures in teeth without 
endodontic treatment end above the cemento-enamel junction (CEJ), which indicates that a new 
restoration is still possible. The traditional treatment for a cusp fracture is a conventional crown. 
However, such a restoration requires removal of additional sound tooth tissue, which disregards 
the potentials of modern adhesive dentistry. 
Tissue saving and esthetic treatment options like direct resin composite, indirect resin 
composite or bonded ceramic restorations might be alternatives for conventional PFM crowns. It 
has been stated that direct resin composite restorations are preferred over indirect resin 
composites for reasons of minimal intervention3 and enhanced adhesive strength.4,5 However, 
indirect techniques are advocated to overcome shrinkage problems6 and depend less on the 
operator's clinical skills, needed to reestablish the required anatomical forms. 
Only a few aspects of the adhesive restoration of cusp fractures in teeth with Class II 
cavities have been studied. As retention of this type of restorations depends to a great extent on 
the adhesive capacities of the materials used, several options to support the retention are studied. 
In vitro load tests indicated that an additional cervical shoulder preparation does not improve the 
fracture strength of cusp-replacing direct resin composite restorations as long as some retentive 
form is present.7 Furthermore it was reported that capping of the remaining sound cusp increased 
the fracture resistance of direct resin composite restorations. However, if these capped teeth 
fracture under load, they show more frequently an unrepairable fracture of the tooth-restoration 
complex.8 
Another issue, which has not been investigated thoroughly, is the material that is preferred 
for application in cusp-replacing restorations. On the basis of their moduli of elasticity, one might 
expect that resin composite materials are more forgiving than ceramics, which might be 
advantageous in occlusion supporting areas. It is also stated that the brittle nature of ceramics can 
be “neutralized” by bonding instead of cementing the ceramic to the tooth tissue.9 Furthermore, the 
material properties of resin composites improve by addition of heat during the curing process and it 
might be possible that the long term behavior of indirect resin composites is better than that of 
direct resin composites.10 To our knowledge, there are no data regarding the effect of different 
restorative materials on the strength and the failure mode of the tooth-restoration complex in cusp-
replacing constructions. As it can be expected that the strength of the restorative material 
determines to the long term survival of the restoration and the tooth, data on fatigue resistance are 
a first step in the assessment of these materials.  
The aim of this in vitro study was to investigate the fatigue resistance and failure behavior 
of cusp-replacing restorations in premolars using different types of adhesive restorative materials. 
The hypothesis was that there is no difference in fatigue resistance and failure behavior between a 
ceramic restoration, an indirect resin composite restoration and a direct resin composite 
restoration. 
 
 
Materials and methods 
 
 
For this study the same sound human maxillary premolar was used as in previous studies.7,8,11,12 
Two silicone impressions of this premolar were made before any experiment was carried out. 
These impressions served as moulds to copy the external shape of this premolar to all the 
restorations of the premolars in this study. The first silicone mould was used to make the resin 
composite restorations, the second one for the production of the ceramic restorations. 
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Cavity preparation 
 
In the original premolar an MOD cavity was ground and a fracture of the buccal cusp from the 
isthmus floor to the cemento-enamel junction was simulated (Fig 9-1). A gold cast copy of this 
premolar served as a master model. Sixty extracted human maxillary premolars were selected. 
They had to be sound and had to have a crown size and geometry comparable by estimation with 
the original premolar. After extraction all premolars were stored in 1% chlorine-amine for minimal 
24 hours. The sixty premolars were mounted on metal inserts and the cavity preparation as well as 
the outer surface of the master model was copy-milled.7 
 
 
 
 
Fig 9-1. Upper premolar with MOD amalgam cavity and simulated buccal cusp fracture and its restoration. 
 
 
Restoration 
 
The sixty specimens were randomly divided in three groups of twenty premolars each. In Group A 
the specimens were restored using a direct resin composite. Group B was restored using an 
indirect resin composite and for Group C ceramic was used. 
In Group A each specimen was etched for 20 seconds with a 37% phosphoric acid etch gel 
(Ultra Etch, Ultradent). Subsequently, the cavity surface was rinsed thoroughly and gently air-dried. 
A separate dentin primer and adhesive were applied according to the manufacturer instructions 
(SA primer and Clearfil Photobond, Kuraray). Using the first silicone mould, each premolar was 
restored with a highly filled hybrid resin composite (Clearfil Photo Posterior US, filler content 71% 
vol., 86% wt., E-mod. 20 GPa, Kuraray). For this purpose the mould was cut into four parts in order 
to enable light curing of the restorative material. First the boxes and the step of the MOD cavity 
were restored using two parts of the mould. Subsequently, the cervical part and the tip of the cusp 
were restored using the other two parts of the mould. The restoration was built-up in layers of 2 
mm maximum, using an injection technique. Each layer was light cured for 40 seconds (Translux 
CL, Kulzer). Intensity of the VLC unit was 420 mW/ cm2 as measured before and after the 
experiment using a curing radiometer.  
For Group B the gold cast master model was copied in die-stone. This stone model was 
used to make all indirect resin composite inlays. After applying a separation fluid (CR sep II, 
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Kuraray) to the stone model, the model was placed in the same silicone mould as used for the 
direct resin composite technique. The indirect resin composite (Estenia, filler content 82% vol., 
92% wt., E-mod. 23 GPa, Kuraray) was applied following the same procedure as the direct resin 
composite restoration. Each layer was light cured for 30 seconds in a light-curing device (CS 110, 
Kuraray). After applying and curing the final layer the restoration was removed from the stone 
model and additionally heat cured for 15 minutes at 120O C. 
For Group C the second silicone mould was used to make the ceramic restorations 
(Empress II, E-mod. 96 GPa, Vivadent). First the gold cast model was placed in this silicone mould 
and the remaining space was filled with wax. Then the gold cast model with the wax pattern was 
removed from the silicone mould. The wax pattern was used to produce the ceramic restoration 
according to the manufacturer instructions. 
Both the indirect resin composite and ceramic restorations were checked and if necessary 
slightly adjusted to fit the preparations. The internal surface of each restoration was sandblasted 
using 50 µm aluminum oxide, and rinsed. A coupling agent (SE primer and Porcelain Bond, 
Kuraray) was applied to silanize the restorations. The enamel of the preparation was acid etched 
and a dentin primer (ED primer, Kuraray) was applied to the whole preparation surface. The 
cement (Panavia F, Kuraray) was mixed and applied to the restoration. Then the restoration was 
placed and light cured for 40 seconds. Finally an oxygen blocker was applied for 3 minutes. 
(All material specifications are according to the manufactures specifications) 
 
Fatigue test 
 
After restoration, the specimens were separated from the metal inserts and finished using polishing 
discs (Sof-Lex, 3M). The first restored premolar was embedded in acrylic in a metal cylinder with 
the occlusal surface horizontally. Subsequently, a silicone relocation jig was made enabling to 
embed all specimens in an identical position in the metal cylinder. Cyclic load was applied to the 
specimens using a servo-hydraulic materials testing machine (MTS Inc, Minneapolis, USA) with a 
cylindrical bar of stainless steel with a diameter of 4 mm (Fig 9-2). The load was applied at a  
 
 
 
Fig 9-2. Schematic illustration of fatigue test. 
 
5 Hz
Ø=4 mm
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frequency of 5 Hz. In the first stage a load of 200 N was applied with a maximum of 10,000 cycles 
as a kind of pre-conditioning phase of the experiment. This stage was followed by stages of 400 N, 
600 N, 800 N and 1,000 N at a maximum of 50,000 cycles each. During the experiment the 
specimens were kept in water of 37 °C. Samples were loaded until fracture or to a maximum 
number of 210,000 cycles if they did not fail. The number of endured cycles was registered for 
each specimen. In case of fracture, the failure mode was recorded for which a distinction was 
made between fractures above or below the CEJ and for cohesive fracture or fracture at the 
interface. Classification was based on a two-examiner agreement. 
 
Statistical analysis 
 
For comparison of the fatigue resistance of the three groups a survival scatter plot was made and the 
Wilcoxon (Gehan) test was used at a significance level of 5%. The influence of the restorative material 
on the failure mode was analysed by using the chi-square test at a significance level of 5%. The 
analyses were performed with SPSS, version 10.0 (SPSS, Chicago, USA). 
 
 
Results 
 
 
In Group A, four (20%) of the restored premolars withstood all 210,000 loading cycles. In Groups B 
and C this was one premolar (5%) each (Fig 9-3). The median force at which fracture occurred 
was for Group A 800 N (95% C.I. [625-975]), for Groups B and C this was 800 N (95% C.I. [700-
900]). The differences in survival between the groups were not statistically significant (p =0.16). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 9-3. Survival scatter plot of specimens after the different stages of the fatigue test. 
 
Eleven modes of fracture were distinguished (Figs 9-4 and 9-5). In Figure 9-4 the different 
fracture modes are grouped by location being fractures above or below the CEJ. The difference in 
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failure modes between the three restorative materials according to fracture location was not 
significant (p =0.63).  
Figure 9-5 shows the different fracture modes grouped by the characteristic of fracture 
being adhesive or combined adhesive and cohesive fracture. Cohesive fractures were 
characterized by restoration fracture in two major parts. When a restoration failed adhesively the 
restoration remained in one piece but near the interface very small particles of the restoration got 
loose. The direct resin composite restorations showed mainly adhesive fractures and significantly 
less cohesive fractures than the indirect resin composite restorations  (p =0.03) and the ceramic 
restorations (p =0.002). The ceramic and the indirect resin composite restorations demonstrated 
similar failure behavior (p =0.51). 
 
 
 
Fig 9-4. Types and numbers of failure modes according to fracture location (above or below the CEJ). 
 
 
Discussion 
 
 
In this study standardized preparation and restoration techniques were applied using a copy-milling 
technique and restoration moulds. We regard the copy-milling a useful and accurate procedure to 
obtain comparable preparations. Combined with moulds, made from the original sound premolar, 
also comparable restorations could be made. At the same time a standard positioning of the 
restored premolars in the testing machine was achieved.  Nevertheless, variation in the internal 
geometry of the premolars (pulp chamber) and differences in the remaining enamel thickness at 
the CEJ could not be controlled. This may be an explanation for the variation in failure loads within 
the groups. To avoid possible bias, the premolars were randomly assigned to the three groups. 
In our opinion the fatigue test used in this study provides a better simulation of the clinical 
situation than a static load test. The load test design with low loads at the start and high loads at 
the end was chosen as a result of pilot studies from which we learned that this type of 
reconstruction only failed after applying heavy loads or failed after more than 1,000,000 cycles 
under moderate load. The test was considered to be a good compromise between a clinical 
representative situation and the available in vitro testing methods. 
Group Intact Fracture above CEJ
A. Direct resin composite
B. Indirect resin composite
C. Ceramic
Fracture below CEJ
4
1
1
13
13
15
3
6
4
Fracture above CEJ Fracture below CEJ
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In this study the three materials tested showed comparable fatigue resistance. For the 
indirect techniques most fractures occurred at loads of 600 and 800 N, while for the direct resin 
composite restorations also the 1,000 N load was included. Although this difference was not 
significant, it suggests that the indirect materials do not necessarily perform better. Considering the 
failure mode, some differences were observed. The indirect restorations, both resin composite and 
ceramic, showed more combined adhesive / cohesive failures than the direct restorations. These 
failure modes confirmed the results of another study.13 One explanation for this observation might 
be the brittleness of the indirect materials. Ceramic is a brittle material and cannot absorb a lot of 
deformation energy.14 Therefore it shows only moderate resistance to localized shear and tensile 
stresses. With a high modulus of elasticity brittle fractures can be observed after fatigue loading . 15 
The elastic modulus of Empress II is approximately 96 GPa, for Estenia it is 23 GPa and for 
Clearfil Photo Posterior it is 20 GPa. If the elastic modulus contributes to the difference in failure 
mode shown in this study it can be concluded that a higher elastic modulus does not necessarily 
result in a restoration with a higher load resistance.  
 
 
 
Fig 9-5. Types and numbers of failure modes according to fracture characteristic 
(adhesive and adhesive/cohesive). 
 
 
For the resin composite materials filler content plays an important role in fracture 
toughness. A filler content exceeding 65% by volume improves the fracture toughness. 16 However 
others have reported that the filler content can be too high which results in a brittle material. 17,18 
This can also be the reason why Estenia (82% vol., 92% wt) showed more cohesive fractures than 
Clearfil Photo Posterior (71% vol., 86% wt). 
The differences observed in this study, between the direct and the indirect techniques, 
might be traced to the cement layer. Indirect techniques require a luting cement and after 
placement of the indirect restoration the cement layer will be thicker than the bonding layer in the 
direct technique. This may result in a different transfer of the loads through the tooth-restoration 
complex. The cement is more elastic than the restorative material and the cement layer may 
support the ceramic or resin composite inadequately. 19 Furthermore the thickness of the cement 
layer is not uniform. At some locations where the cement layer is very thin, stress concentrations 
may occur which can act as starting points of a cohesive fracture of the restoration. 
Adhesive 
Failure
Adhesive & Cohesive
 Failure
14 2
9 10
6 13
Adhesive Failure
Adhesive & Cohesive Failure
Group Intact
A. Direct resin composite
B. Indirect resin composite
C. Ceramic
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All restorations showed adhesive failures located at the interface of the cavity wall of the 
remaining cusp (Fig 9-5). This suggests that the interface is most prone to failure regardless of the 
restorative technique used. With respect to the fracture location (above or below the CEJ) no 
differences were seen between the three materials. This location is important with respect to the 
clinical prognosis of a tooth after failure of the restoration. A tooth with a fracture below the CEJ is 
more difficult, and sometimes impossible, to restore. The absence of differences in the location of 
the fracture suggests that the restorative materials used in this study have no influence on the 
prognosis of a tooth in case of fracture. 
This study does not provide arguments to prefer one of the tested materials above the 
other for clinical application. Therefore, the choice should be based on other criteria than strength 
and failure mode alone. For indirect resin composites the higher degree of conversion as a result 
of the additional heat curing may lead to better mechanical properties of the material, but this does 
not automatically result in a better clinical functioning of the restoration.20 Wear resistance of the 
material is another property of interest. Ceramic has a higher resistance to occlusal wear than 
resin composite but may also cause increased wear of the opposing tooth. Beside material 
properties the choice will be influenced by the preference of the dentist/clinician for a direct or 
indirect technique. The direct technique is less time-consuming and can be completed in one 
treatment session. However, it requires specific manual skills of the dentist to obtain a proper 
anatomical form. An indirect restoration is made in the laboratory, which makes it easier to give the 
restoration the right anatomical shape. However this technique requires two treatment sessions 
and in most cases some additional tooth preparation is needed. 
The results of this study suggest that ceramic, indirect resin composite and direct resin 
composite provide comparable fatigue resistance in a cusp-replacing restoration. The indirect 
restorations showed more cohesive fracture than the direct restoration, while there was no 
difference in fracture location concerning fracture above or below the CEJ. Therefore, the selection 
of material for the clinical situation should be based on other criteria than the fatigue resistance. 
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Abstract 
 
 
This study assessed the fracture resistance and failure mode of fiber reinforced composite (FRC) 
cusp-replacing restorations in premolars. Forty-five extracted sound upper premolars were 
randomly divided into three groups. Identical MOD cavities with simulated buccal cusp fracture and 
height reduction of the palatal cusp were prepared. In Group A two layers of resin impregnated 
woven continuous FRC (EverStick Net) were applied. In Group B one layer of unidirectional 
continuous FRC (EverStick) was used. In Group C no fibers were applied (control). Subsequently, 
all teeth were restored with resin composite (Clearfil Photo Posterior), subjected to thermocycling 
(6,000 x 5-55ºC) and static load tests. Load until fracture was registered for each tooth. 
Simultaneously, fracture propagation was monitored using acoustic emission analysis (AE). Failure 
modes were visually assessed. Weibull analysis revealed a characteristic strength and Weibull 
modulus (m) at 2364.8 N for Group A (m=8.9), 2437.9 N for Group B (m=5.9) and 2160.3 N for 
Group C (m=13.6). Fracture loads were not significantly different (ANOVA, p >0.05). Teeth with 
FRC showed less fractures below the cemento-enamel junction (CEJ) (38% and 23% for Groups A 
and B respectively) than teeth without FRC (93%) (chi-square, p <0.05). The control group showed 
the least AE signals. The results suggest that glass FRC does not increase fracture load of 
premolars with cusp-replacing restorations. However, FRC has a beneficial effect on the failure 
mode. Woven fibers give more consistent results than unidirectional fibers. 
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Introduction 
 
 
Complete cusp fracture of posterior teeth, especially with Class II amalgam restorations, is a 
common phenomenon in dental practice with incidence rates varying from 20.51 to 712 per 1,000 
person-years at risk. It appeared that the majority of the fractures ended at a supragingival level, 
which indicates that restoration of those teeth is clinically achievable. Tooth-colored adhesive 
restorations particularly are considered a treatment option in premolars with a fractured cusp. 
However, no clinical data are available on performance and longevity of cusp-replacing resin 
composite restorations. 
To date, in vitro research has revealed similar fracture loads for amalgam and resin 
composite cusp-replacing restorations.3-5 Aspects of restorative procedures for cusp-replacing 
adhesive restorations have been studied in vitro and were mainly directed to test fracture 
resistance and shear resistance under load. Load tests indicated that an additional cervical 
shoulder preparation does not improve shear force resistance of cusp-replacing direct resin 
composite restorations.6 Lowering of the remaining sound cusp, in order to create cuspal coverage 
for protection of the intact cusp, increased the fracture resistance.7 However, fractures of 
restorations with cuspal coverage led to (partial) root fractures in that study. Since these dramatic 
root fractures make re-restoration virtually impossible, caution is warranted in lowering remaining 
sound cusps for this purpose. All fractures in that study showed mesio-distal orientation, probably 
since both the buccal and the palatal cusp were loaded and thereby pushed apart. 
The application of fiber reinforced composites (FRC) may prevent these unfavorable 
fractures in cuspal coverage restorations.8 Glass fibers have demonstrated their ability to withstand 
tensile stress and to stop crack propagation in composite material.9-12 Theoretically, cracks that 
initiate in the restoration are stopped by the fibers or borne off, rather than propagating in a 
cervical direction. Moreover, changing the internal stress patterns of the restorative material by the 
application of a glass fiber layer, may also lead to an increased load-bearing capacity of the 
restoration itself. Unidirectional continuous fibers thereby provide reinforcement in one direction, 
bi-directional or woven continuous fibers provide reinforcement in two directions. The 
reinforcement per direction is however less effective, since a certain volume of fibers is divided into 
two directions.13 
Only few published studies were related to the tooth/FRC interface.14 Moreover, none of the 
published research has been performed on the application of FRC in cusp-replacing restorations. 
The aim of this in vitro study was to investigate the effect of two types of glass FRC on the fracture 
resistance of cusp-replacing and cusp-covering resin composite restorations in premolars. 
Additionally, acoustic emission analysis (AE) was employed to evaluate fracture propagation in the 
construction. The hypothesis was that unidirectional and bi-directional glass fiber layers would both 
have a beneficial effect on the load-bearing capacity and failure mode of the composite 
restorations. Based on the mesio-distal fractures in a previous study,7 unidirectional continuous 
fibers were expected to provide the highest increase in load-bearing capacity. As a consequence 
of the 3-D stress distribution in the tooth-restoration complex the bi-directional fibers of woven 
glass FRC were expected to yield more consistent results with respect to the fracture loads and 
failure modes. 
 
 
Materials and methods 
 
 
A master model of the same sound human maxillary premolar was used, which was used in 
previous experiments of the authors’ research group.7,15-17 A polyvinylsiloxane impression of the 
master model was made before the experiment in order to obtain identical restorations after cavity 
preparation. This impression served as a mould to copy the external shape of the original sound 
premolar to all the restorations in this study. 
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Cavity preparation 
 
In the original sound premolar an MOD cavity was ground and a fracture of the buccal cusp from 
the isthmus floor to the cemento-enamel junction was simulated. Subsequently the palatal cusp 
was reduced in height by 1.5 mm perpendicular to the tooth long axis (Fig 10-1). A gold cast copy 
of this premolar served as a master specimen. 
 
 
 
 
Fig 10-1. Upper premolar with MOD amalgam cavity, simulated 
buccal cusp fracture and palatal cusp reduced in height. 
 
 
Forty-five extracted sound human maxillary premolars of comparable size (similar or 
slightly larger than the original sound premolar) were selected. After extraction, the teeth were 
stored in 1% chlorine-amine. In between the steps for the preparation of the experiment, the teeth 
were stored in water at room temperature. 
In order to standardize the shape and size of teeth, all premolars were mounted on metal 
inserts and the preparation of the master model was copied to these premolars using the copy-
milling procedure that was described previously.6 After completion of the copy-milling procedure, 
the specimens were randomly divided into three groups (n=15 per group). 
 
Restoration 
 
Each cavity was etched for 20 s using a 37% phosphoric acid etch gel (Superlux-Thixo Etch, DMG, 
Hamburg, Germany). Subsequently, the cavity surface was rinsed thoroughly and air-dried gently. 
Dentin primer and adhesive were applied according to the manufacturers instructions (SA primer 
and Clearfil Photobond, Kuraray, Osaka, Japan). To the first 15 premolars (Group A) two layers 
(thickness 0.06 mm per layer) of woven light polymerizable polymer-monomer gel impregnated E-
glass fibers (EverStick Net, StickTech, Turku, Finland) were applied. The orientation of the fibers 
was bucco-palatal and mesio-distal. To improve the adhesion of resin composite to the polymer 
impregnated fibers, the fiber layers were treated with adhesive resin (Clearfil SE Bond, Kuraray, 
Osaka, Japan) for 3 hours prior to their application. A thin layer of flowable composite (Tetric Flow, 
3,5
mm
3 mm 4,5
mm
1 mm
1 mm
3 mm
2 mm
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Vivadent, Schaan, Liechtenstein) was applied to the cavity surface and subsequently the two fiber 
layers were pressed into the cavity with a silicon device (Refix D, StickTech, Turku, Finland) and 
light-polymerized for 20 seconds. Excess of flowable composite along the cervical outline was 
removed. In the second group of 15 premolars (Group B), one layer (0.2mm) of continuous 
unidirectional light polymerizable polymer-monomer gel impregnated E-glass fibers (EverStick, 
StickTech, Turku, Finland) was applied to the cavity surface in bucco-palatal direction. The 
preparation for adhesion of the fibers, their application to the cavity surface and removal of excess 
of flowable composite was similar as in Group A, with the exception that the treatment with 
adhesive resin was only 5 minutes. In the third group of 15 premolars (Group C) no fibers were 
applied (control). 
After application of the fibers for Groups A and B, the premolars of all three groups were 
restored with a highly filled hybrid composite (Clearfil Photo Posterior US, Kuraray, Osaka, Japan). 
For this purpose the polyvinylsiloxane mould was cut into three parts in order to enable build-up of 
the restoration in layers of 2 mm composite material maximum, using an injection technique. Each 
layer was light cured for 40 s (Optilux 501, SDS Kerr, West Collins Orange, CA, USA). Intensity of 
the VLC unit was 660 mW/cm2 as measured before and after the experiment using the built-in 
curing radiometer. After restoration the premolars were finished using polishing discs (Sof-Lex, 3M, 
St Paul, MN, USA) and separated from the metal inserts. Subsequently the restored teeth were 
thermocycled with 6,000 cycles at 5-55°C (dwell time: 30 seconds, transfer time: 5 seconds). 
 
Load test 
 
Twenty-four hours after the thermocycling, one specimen was embedded in acrylic (Palapress, 
Heraeus Kulzer) with the occusal surface horizontally. Subsequently, a polyvinylsiloxane relocation 
jig was made and used to embed all specimens with that orientation. Static load was applied to the 
specimens with a material testing machine (LR30, Lloyd Instruments, LRX Material, Fareham, 
England). Crosshead speed of the testing machine was 0.5 mm/min and the load was applied with 
a 4mm diameter stainless steel cylinder. The loading device was applied in such a way that both 
cusps were loaded halfway up the slope.7 Load until fracture was registered for each specimen. In 
case of fracture, the failure mode was visually analyzed for which a distinction was made between 
(1) intact tooth substrate, (2) fractured tooth above, or (3) below the cemento-enamel junction 
(CEJ). Classification was based on a two-examiner agreement. 
 
Acoustic emission analysis 
 
One AE signal wide band transducer (Broadband sensor S9225, Physical Acoustic Corporation 
(PAC) Princeton Junction, NJ, USA) was glued with resin (Triad Gel, Dentsply, York, PA, USA) to 
the acrylic base of the specimen. Signals detected by the transducer were passed through 
preamplifiers of 40 dB gain with a band pass of 10 kHz to 2 MHz (Model 2/4/6,PAC). AE signals 
were recorded during the loading cycles with MISTRAS 2001 software (PAC) using 4 MHz sample 
frequencies. AE signal activity was defined by the minimum signal level that passes over the 
threshold level of 45dB. The relative energy of the AE signal, also known as Marse, was used to 
quantify the activity. 
 
Statistical analysis 
 
For the comparison of the fracture loads and for the comparison of the loads required for the first 
AE activity, one-way ANOVA was used at a significance level of 5%. The fracture loads of each 
group were ranked in ascending order and a Weibull analysis was performed for calculation of 
cumulative fracture probability (Pf) as function of applied load.
18-20 The basic form of the Weibull 
distribution is shown as: 
 
( )mouf SSSP /)(exp1 =  
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Where the constant m (the Weibull modulus) determines the slope of the distribution function and 
characterizes the spread of the failure data with respect to S (stress or load) axis. So is the stress 
level at which 63% of the specimens have failed and Su is theoretical failure stress at which the 
failure probability approaches zero and is known as the threshold stress. 
The influence of FRC on the failure mode was analyzed by using the chi-square test at a 
significance level of 5%. The analyses were performed with SPSS, version 10.0 (SPSS Inc., 
Chicago, Illinois, USA) and Weibull++ software (Reliasoft Corporation, Tucson, Arizona, USA). 
 
 
Results 
 
 
For one specimen of Group A and one of Group B no results were obtained due to procedural 
errors. One specimen of Group C was considered an outlier and excluded (the fracture load of 
875N was less than half that of the next weakest result in Group C). 
There was no statistically significant difference in fracture loads between the three test 
groups (p >0.05) (Table 10-1). Figure 10-2 shows the cumulative Weibull fracture probability 
distribution as function of applied load for the three groups. Correlation coefficient r, indicating how 
well the experimental data fit the Weibull distribution, showed values above 0.90, which is 
considered statistically acceptable (Table 10-1).18-20 Weibull analysis revealed the highest S0 for 
Group B, followed by Groups A and C. The Weibull modulus was highest for Group C, followed by 
Groups A and B (Table 10-1). 
 
Table 10-1. Fracture loads and Weibull data* 
 
Group Fracture load (N) Weibull modulus (m) S0 (N) Correlation coefficient (r) 
A 2246.1 ± 300.0 8.9 2364.8 0.955 
B 2266.5 ± 410.0 5.9 2437.9 0.987 
C 2085.0 ± 183.0 13.6 2160.3 0.942 
*14 valid data for Groups A, B, and C.  
 
One specimen of Group A and one of Group B showed no visible fracture. These 
specimens were used to make cross-sections and not included in failure mode analysis (Figs 10-
3a,b). Different failure modes were observed (Table 10-2). The majority of specimen with FRC 
(54% for Group A and 77% for Group B) showed fracture of the restoration without fracture of tooth 
substrate. In Group C such an intact tooth after restoration fracture was observed in only one case 
(7%). This difference in proportions between the groups with and without FRC was statistically 
significant (p <0.001), while the difference between the FRC groups was not (p >0.05). 
In Group A the fractured restorations with intact tooth substrate showed failure of the 
interface between the tooth and the FRC or failure between the two fiber layers. The majority of 
specimens with intact tooth substrate in Group B showed failure of the interface between the FRC 
layer and the composite material (Table 10-2). In case of tooth fracture, all specimens in Group A 
showed fracture of the FRC. The specimens with fracture of tooth substrate in Group B showed 
either fracture of the FRC or splitting of the fibers from the polymer matrix of the FRC (Table 10-2). 
Tooth fractures below the CEJ were observed in about one-third of the specimens with 
FRC (38% for Group A and 23% for Group B). For Group C 93% of the specimen fractured below 
the CEJ (Table 10-2). This difference in proportions between the groups with and without FRC was 
statistically significant (p <0.001), while the difference between the groups that contained FRC was 
not (p >0.05). 
There was no statistically significant difference in mean loads required for the first AE 
activity between the three groups (p >0.05) (Fig 10-4). However, Group C generated less acoustic 
signals compared to Groups A and B (Figs 10-5a,b,c) and the failures in Group C were more 
sudden and catastrophic in nature compared to Groups A and B. 
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Fig 10-2. Cumulative Weibull fracture probability distribution. 
 
 
Table 10-2. Types and numbers of failure modes for Groups A, B and C 
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Fig 10-3. Cross-sectional images of premolars with (a) woven FRC; (b) unidirectional FRC. 
 
Fig 10-4. Mean load required for the initiation of the AE signals and mean final fracture loads. 
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Fig 10-5. Typical examples of AE signals in load/loading time graphs for (A) Group A; 
(b) Group B; (c) Group C (* indicates load required for first AE signals). 
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Discussion 
 
 
The reasons for using a copy-milling machine to standardize extracted human premolars have 
been discussed before.6,7 It has been shown that with this technique, standard preparations with 
similar adhesive surface areas can be made in extracted human premolars.6 The laborious method 
to use human tooth material in these kind of in vitro studies is still advocated. The method to place 
the specimens in a reproducible position in the testing machine also corresponds to the method 
described earlier.7 The variability in failure loads may still be substantial due to anatomical 
differences. To avoid possible bias, the premolars were randomly allocated to the three groups. 
With the described restorative procedures it was possible to incorporate fibers in the 
restoration base (Figs 10-3 a,b). The space between the isthmus floor and the palatal cavity wall, 
which was filled with flowable composite, seemed larger for unidirectional FRC when compared to 
the woven FRC. This may be caused by the higher stiffness of unidirectional fibers (thickness of a 
single fiber 15 m) when compared to woven fibers (thickness of a single fiber 6 m). 
The results of this study indicate that the application of fibers does not increase the static 
load-bearing capacity of resin composite cusp-replacing restorations in premolars. Even with 
inclusion of the outlier in Group C the differences between the groups would not be statistically 
significant. To estimate the failure probability at any stress level, Weibull analysis was used. The 
S0 of the FRC groups were higher than of the control group. However, the Weibull moduli of the 
FRC groups were clearly lower. A high Weibull modulus is desirable since it indicates a steep 
slope of the Weibull curve and thereby a predictable failure behavior. Conversely a low Weibull 
modulus is indicative of an unpredictable, large variation within the group and less predictable 
failure behavior.18-20 The lower Weibull modulus for unidirectional FRC may be explained by the 
property of the fibers to provide reinforcement for stresses that are oriented in an angle of 90 
degrees to the direction of the fibers. For stresses oriented in another direction the reinforcing 
efficiency of unidirectional fibers decreases. 
Assessment of the failure modes showed that specimens with FRC experienced less 
fractures of tooth substrate than specimens without FRC. This suggests that FRC prevents crack 
propagation from the restoration to the tooth. It also suggests that the ability of FRC to withstand 
tensile stress is effective. If fracture of tooth substrate was involved, specimens with FRC tended 
to fracture above the CEJ at higher percentages than those without FRC. The level of fracture with 
respect to the CEJ is important regarding the clinical prognosis of a tooth. A tooth with a fracture 
below the cemento-enamel junction is more difficult to restore, restoration may even be impossible 
(Table 10-2). The differences in failure modes between the groups with and without FRC suggest 
that cusp-replacing restorations with FRC prevent dramatic fractures. 
AE analysis has been employed in materials science as a method to get insight into the 
cracking and fracturing of composite structures before the final fracture.21,22 In dentistry it has been 
used as an evaluating tool for FRC materials.23 AE registers even small failure processes in a 
material, as long noises are involved, but signals can be generated from all locations, including the 
cracks in the supporting acrylic resin base. Marse signals were evaluated instead of count signals 
to quantify the activity as Marse is more sensitive to amplitude as well as duration and is less 
dependent on threshold setting and operator frequency.24 
The results of the AE analysis partly explained the differences in the fracture modes 
observed in this study. The groups having fiber reinforcement generated more AE signals than the 
control group, while these groups showed a trend of higher final fracture loads. The higher energy 
release originates from the fiber reinforcement. During crack propagation, the fibers can act as a 
crack stopper and the crack can propagate along the fiber or the fiber can break.12 These fiber 
breakages and micro cracks within the matrix can act as an energy-absorbing mechanism, which 
prevents the catastrophic final failure to occur. 
The results of this study suggest that incorporation of glass FRC does not increase the 
load-bearing capacity of premolars with cusp-replacing restorations. However, glass FRCs have a 
beneficial effect on the failure mode and thereby on the re-restorability in case of fracture. The 
higher Weibull modulus indicates that woven continuous glass FRC provides more consistent 
results than unidirectional continuous glass FRC. 
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Abstract 
 
 
In this chapter details of the design of the clinical trial are described. The study was set up as a 
randomized clinical trial and primarily designed to test a number of hypotheses related to the 
clinical functioning of cusp-replacing resin composite restorations. Experimental variables were 
‘treatment technique’ (direct vs. indirect) and ‘operator’. Operator and treatment technique were 
randomly assigned. The cusp-replacing resin composite restorations were made following a strict 
protocol and data were recorded using special data forms. The present theses report the baseline 
findings and some details of the patients involved. 
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Introduction 
 
 
Several aspects of adhesive cusp-replacing restorations have been studied in various in vitro 
studies. As described in previous chapters, these in vitro studies provide valuable information on 
cavity preparation designs and restorative procedures. Information on the performance of adhesive 
cusp-replacing restorations under clinical conditions can only be obtained in a clinical study. For 
this purpose, the prospective randomized controlled clinical trial is considered to be the principal 
method for obtaining a reliable evaluation of treatment effects on patients.1 The choices that have 
to be made regarding the experimental variables and the applied research procedures are based 
on the preceding in vitro studies. 
 The aim of the present study was to investigate cusp-replacing resin composite restorations 
in upper premolars as treatment after fracture of a cusp next to a Class II amalgam restoration. 
The study was set up to assess the clinical performance and durability of direct and indirect 
restorations and to test the influence of this ‘treatment technique’ variable. The following 
hypotheses were subject of the study: 
 
1. The treatment technique has an influence on the (long term) clinical performance of the 
cusp-replacing resin composite restorations. 
2. The treatment technique has an influence on the (short term) clinical efficiency of cusp-
replacing resin composite restorations. 
 
 In the present theses only the baseline findings of the study are reported (Chapter 12). The 
research design and main aspects of the research procedures are presented in this chapter. For 
convenience of the reader the results of the applied selection procedures are presented at the end 
of each section rather than in a separate ‘results section’. However, the descriptions of the patient 
sample are presented in a separate section. Methodological consequences are discussed at the 
end of this chapter. 
 
 
Research design 
 
 
The study was organized as a randomized clinical trial. The sequence of the clinical trial was: (1) 
patient retrieval, (2) patient and tooth selection, (3) assignment of restorative technique and 
operator, (4) restorative treatment, (5) evaluation directly after treatment and after one month, and 
(6) evaluation with one year intervals up to five years. 
 In order to conduct the trial according to the current standards of good scientific practice,1,2 
a protocol, including a number of agreements, was used. This protocol was based on the 
experiences of former clinical trials from this research group.3-9 
 Prescriptions or agreements were made concerning the following aspects: 
• Patient selection. 
• Informed consent. 
• Operators. 
• Operative procedures. 
• Experimental variables. 
• Randomization criteria. 
• Data recording. 
• Evaluation procedures and planning. 
• End points and lost to follow-up. 
• Treatment after failure. 
• Statistical analysis. 
The protocol was screened on its ethical acceptability by the Committee Experimental Research 
on Man of the Radboud University Nijmegen Medical Centre (confirmation nr 2001-166). The study 
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was performed at the Radboud University Nijmegen Medical Centre and the patients were treated 
in the clinic of the Department of Oral Function and Prosthetic Dentistry. 
 
Patient selection 
 
The patients included in this study had one or more vital upper premolars with either the buccal or 
palatal cusp absent and an existing Class II restoration. Required re-restoration of an old cusp-
replacing restoration was another reason for inclusion. Patients were recruited after an appeal was 
addressed to about 180 general dental practitioners in the Nijmegen region and to staff-members 
and students from the university clinic to attend patients for participation in this study. The 
campaign also included: 
• The distribution of posters (Appendix 1). 
• Two oral presentations at association meetings of dentists in the region. 
• An oral presentation at an update evening of the College of Dental Science of the Radboud 
University Nijmegen Medical Centre. 
• Four oral presentations at post-graduate courses of the College of Dental Science of the 
Radboud University Nijmegen Medical Centre. 
With the information of the poster, a first screening of patients was made by the general dental 
practitioners, the staff-members of the dental school, or the dental students. After this first 
screening, 101 patients were registered and screened to participate in the study up to June 2004 
(see also the power calculation in a later section of this chapter). From this group 94 patients were 
included in the study after selection by the investigators. The exclusion criteria and the number of 
excluded patients are presented in Table 11-1. Before entering the trial, all selected patients were 
informed about the objectives of the study by an informed consent (Appendix 2) and agreed to it by 
signing an agreement form (Appendix 3). 
 
 
Table 11-1. Exclusion criteria and number of patients excluded 
 
Reason Number of patients 
Sound cusp too fragile to enable both techniques 5 
Non-vital tooth 1 
Class V restoration in sound cusp - 
Presence of occlusal stops for removable partial denture 1 
Tooth mobility score 3* - 
Absence of antagonistic teeth - 
Total 7 
*According to Miller’s mobility index.10 
  
 
The selected patients were in need of one (82 patients) or two (12 patients) cusp-replacing 
restorations. As a result, 106 upper premolars were treated with a cusp-replacing restoration. 
Among the 94 selected patients 50 (53%) were registered at the Dental School for regular dental 
treatments. The other 44 patients (47%) were referred by 18 general dental practitioners. This 
number indicates that 10% of the dentists in the region responded to the addressed appeal. Some 
relevant characteristics of the patients included are described in a separate section of this chapter. 
 
Experimental variables 
 
Experimental variables (independent variables) in this study are: 
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1. The restorative technique; 
- Direct resin composite, with the materials: Clearfil AP-X, SA primer and Clearfil 
  Photo Bond (Kuraray). 
- Indirect resin composite, with the materials: Estenia and Panavia F (Kuraray). 
2. The operator performing the treatment: 
- Operator 1 or 2. 
 
The restorative techniques are described in detail in Chapter 12. In the direct resin composite 
technique, one treatment session was required for cavity preparation and restoration, while two 
sessions were necessary for cavity preparation, impression taking, temporary restoration, 
fabrication and placement of the indirect restorations. The restorative procedures were performed 
by two dentists. At the start of the clinical study, the experience of both operators could be 
characterized as follows: 
• Part-time general practitioner and part-time staff member dental school. 
• Much experience with direct resin composite. 
• Experience with indirect techniques, but not with indirect resin composite in particular. 
Operator 1 had seven post-graduate years, Operator 2 five. In this study, the operators worked in 
the university clinic. In order to achieve an agreement with regard to the operative procedures and 
evaluation criteria, the operators were calibrated by a combined treatment and evaluation of the 
first 20 patients. The laboratory procedures were carried out by one dental technician from a 
commercial laboratory, who had been trained by the manufacturer of the indirect resin composite 
material, following a strict protocol according to the manufacturer’s instructions. 
 
Treatment and operator assignments 
 
Patients were screened by either of the two operators. Treatment and operator assignments were 
performed at patient intake, using a table with random numbers. With this table each of the four 
treatment/operator combinations could be assigned. Since patients entered this study for a cusp-
replacing restoration, treatment was assigned on tooth level and not to patients. One deviation to 
this protocol occurred for patients that entered the study for two restorations at the same time. In 
those cases the treatment/operator combination was randomly assigned to the first premolar. For 
practical reasons the second premolar was treated with the same treatment/operator combination. 
For patients entering the study with two premolars at different dates, treatment and operator were 
randomly assigned to each premolar. The resulting distribution of premolars over the experimental 
groups is presented in Table 11-2. 
 
 
Table 11-2. The sample size and experimental groups 
 
Operator Restorative technique Total 
 Direct Indirect  
Operator 1 29 26 55 
Operator 2 25 26 51 
Total 54 52 106 
 
 
Observation and evaluation procedures and criteria 
 
 
Observations and evaluations were performed at four stages in the study: (1) before treatment, (2) 
directly after treatment, (3) one month after treatment, and (4) at one year intervals (planned up to 
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five years follow-up). The observations before treatment were carried out by the operator assigned 
for the treatment. After treatment, the restorations were evaluated by the other investigator, who 
was not involved in the treatment and therefore acting as observer only. The aims of these 
observations were: 
• To describe the patient sample and the teeth involved. 
• To monitor, explain and predict the clinical behavior of the cusp-replacing restorations. 
The observations included information on the patients and their dentitions, the fractured premolars 
and the cusp-replacing restorations. 
 
The data recording 
 
An overview of the main items used for data recording is given in Appendix 4. Table 11-3 presents 
the timing of the data recording. Two forms (01 and 02) were designed to collect information about 
the patient, the patient’s dentition and the fractured premolar. Six registration forms (03 to 05 and 
07 to 09) were designed to evaluate the cusp-replacing restorations. Finally, one form (06) was 
designed for recording the patient’s judgment (satisfaction) about the cusp-replacing restoration 
and possible postoperative sensitivity. 
 
 
Table 11-3. Timing of the data recording 
 
Form Timing of measurement Information about 
01 Baseline Patient 
02 Baseline Patient, dentition, premolar  
03-05 Insertion of restorations Treatment 
06 After one month Patients’ evaluation 
07 After one month Clinical evaluation 
08 After 1-5 years Patients’ and clinical evaluation 
09 Failure  Failure and failure characteristics 
 
 
Preoperative data; forms 01 and 02 (the ‘questionnaire’ and ‘intake’ forms) 
Form 01, the patient questionnaire, contains questions about preoperative sensitivity and the 
reason for cusp fracture. It also contains information with regard to the patients’ chewing habits. 
Form 02 was used to collect data with regard to the dentition and the fractured premolar. The 
information was restricted to: 
• Status of the dentition (items were oral hygiene and number of absent teeth). 
• ‘Functional loading’ of the involved tooth (items like canine or group 
 guidance, occlusal wear and parafunctional habits). 
• Status of the fractured tooth (items were cause of fracture, involved cusp and location 
of fracture outline, occlusal wear facets, wear of antagonistic teeth, tooth mobility, 
pocket depth and tooth mobility). 
 
Treatment data; forms 03 to 05 (the ‘treatment’ forms) 
The forms 03 to 05 were used to collect data concerning the experimental variables, the date of 
insertion and information about cavity preparation. With these forms the restoration morphology, 
and the time needed to accomplish the clinical procedure were also registered. 
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Postoperative data; form 06 (the ‘patient’s judgment’ form) 
The data of form 06 were registered by the patient. It is a questionnaire focused on the satisfaction 
with the new restoration. It contains questions about the color, shape and function of the 
restoration. Also questions on the occurrence of postoperative sensitivity and treatment discomfort 
are included. 
 
Postoperative data; form 07 (the ‘short term evaluation’ form) 
The evaluation form was used to collect data concerning the cusp-replacing restoration and the 
restored premolar, such as: plaque accumulation, occlusal function of the restoration and tooth, 
proximal contacts, tooth mobility, and possible failure of the restoration. This form was completed 
at evaluation recall by the investigator who did not make the restoration. In addition, the form was 
used to describe data with regard to the after-care of the cusp-replacing restoration and restored 
premolar, such as occlusal adjustments and other adjustments of the tooth or the restoration. 
 
Postoperative data; form 08 (the ‘long term evaluation’ form) 
The purpose of the ‘long term evaluation’ form is to collect data concerning the cusp-replacing 
restoration, the restored premolar and the after-care of the cusp-replacing restoration and restored 
premolar. For this evaluation modified USPHS criteria were used.11 The restorations were 
evaluated with regard to marginal integrity, discoloration and presence of proximal contacts. In 
addition, the form contains questions concerning patient complaints. Furthermore, occlusal wear of 
the restored premolar and the antagonistic teeth will be described with this form. 
 
Postoperative data; form 09 (the ‘failure’ form) 
The form 09 is designed to register failure and the mode of failure, such as: dislodgement of the 
restoration, chipping or caries. 
 
End of follow-up of patients and cusp-replacing restorations 
 
End of follow-up can be caused by failure of the restoration and withdrawal of patients (dropout). 
Failure is handled by indicating the date of failure and the subsequent treatment. Problems on 
different levels can be a reason to stop the study. On ‘tooth level’, reasons to discontinue the study 
are the need for endodontic treatment and failure of the restoration resulting in replacement. When 
failure of the restoration can be solved by repair, the restoration was not excluded for follow-up. 
The definitive decision to regard a tooth as a failure or as a repair is to be taken on the basis of a 
joint decision of two investigators. On ‘patient level’, the study is to be stopped in case the patient 
withdraws from the study or in cases where the experimental premolars are excluded from further 
participation in the study for other reasons than failure of the restoration (i.e. extraction of the 
tooth). On ‘study level‘ the study is to be stopped if 30% of the restorations fails within three years. 
All patients were informed about the evaluation recalls and the procedure in case of 
complaints and discomfort. They were asked to contact the investigators as soon as possible, if 
problems with the restoration(s) were encountered. 
 
 
Statistical procedures 
 
 
This experimental clinical trial is a longitudinal study, which is so far planned to run for a time 
period of five years. The baseline analysis included evaluation directly after treatment and 
evaluation after one month. The interim analyses have been planned with one year intervals. 
The following specific statistic methods were used at a significance level of 5%: 
• It was hypothesized that the indirect technique would result in a 15% higher 
survival ( = 0.15) after five years than the direct technique. For the determination of the 
power for this study according to Makuch and Simon,12  was set at 0.05,  at 0.20, and 
 at 0.80. The power calculation 
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(2 .  {1-} . {Z + Z / }2) revealed a required number of 88 patients per treatment 
technique. 
• Two-tailed t-test and linear regression analyses on ln-transformed data for 
 the influence of treatment technique on treatment time. 
• Chi-square for the analysis of the influence of treatment technique on the 
 baseline treatment result. 
• Kaplan Meier method and Mann-Whitney U test for the analysis for the 
 analysis of survival data. 
• Logistic regression on the influence of independent variables on survival on 
 the restorations. 
 
 
Patient sample 
 
 
The present data regard the 94 patients (106 premolars) that were included until June 2004. In this 
section, the information about the patient sample is presented at three levels: 
1. General information about the patients. 
2. General information about the patients’ dentitions. 
3. Specific information about the teeth that were treated with a cusp-replacing restoration. 
 
The patients and their dentitions 
 
As mentioned before, 94 patients participated in this study so far. The distribution of the patients 
over age groups and gender is presented in Figure 11-1. The mean age of the patient at the time 
of insertion of the restorations was 54 years, with a range from 35 to 79 years. A few more female 
(52%) than male patients were included. 
 
 
 
Fig 11-1. Demographic data of the patients (n=94) involved in the study. 
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The level of oral hygiene was defined by the plaque present on tooth surfaces. The presence of 
plaque was measured on the buccal surfaces of the teeth by visual inspection and eventually by 
using an explorer. A three-point scale was used (Table11-4): 
1. Good: no plaque accumulation.  
2. Moderate: plaque accumulation along the gingival margin. 
3. Poor: plaque accumulation and/or debris on the buccal surfaces of the teeth. 
 
 
Table 11-4. Distribution of the patients according to the oral hygiene scale* 
 
 
Oral hygiene Patients (n) Patients (%) 
Good 70 77 
Moderate 19 21 
Poor 2 2 
Total 91 100 
* There were 91 valid cases; 3 cases were excluded, as oral hygiene score was not recorded. 
 
 
Number of absent teeth, canine or group guidance, parafunctional habits and presence of occlusal 
wear facets are shown in Tables 11-5 to 11-7. The recordings of absent teeth revealed that a 
minority of patients had a complete dentition (Table 11-5). However, in only 23% of the cases more 
than four teeth were absent. 
 
 
Table 11-5. Distribution of absent teeth 
 
Absent teeth (n) Patients (n) Patients (%) 
0 26 28 
1-2 27 29 
3-4 19 20 
5-6 13 14 
7-8 5 5 
9-10 4 4 
>10 0 0 
Total  94 100 
 
 
The number of patients with canine or group guidance during lateral excursions of the mandible is 
shown in Table 11-6. For the majority of patients bi-lateral group guidance was observed. 
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Table 11-6. Guidance during lateral excursions of the mandible 
 
Guidance Patients (n) Patients (%) 
Bi-lateral canine guidance 11 10 
Canine guidance treatment side, group guidance other side 9 8.5 
Group guidance treatment side, canine guidance other side 8 7.5 
Bi-lateral group guidance 78 74 
Total 106 100 
 
 
From anamnestic recordings it appeared that only 25 patients (26%) were aware of parafunctional 
habits like grinding or clenching. Notwithstanding these data, the majority of patients showed 
occlusal wear with exposure of dentin (Table 11-7). 
 
 
Table 11-7. Occlusal wear of the patients’ dentitions 
 
Occlusal wear Patients (n) Patients (%) 
No visible occlusal wear 1 1 
Wear of enamel of canines only - - 
Wear of enamel of canines and other teeth  8 9 
Wear exposing dentin in canines only 4 4 
Wear exposing dentin of canines and other teeth 81 86 
Total 94 100 
 
 
The teeth 
 
Most patients reported that cusp fracture occurred during mastication of food (Table 11-8). This 
was only partly due to biting on something hard present in the food. Other reasons mentioned were 
‘the use of dental floss’, ‘spontaneous’ and ‘opening of a bottle’. 
 
 
Table 11-8. Cause of cusp fracture 
 
Cause Teeth (n) Teeth (%) 
Biting on hard object in food 42 40 
Chewing on soft food 31 29 
Unknown 24 23 
Other  9 8 
Total 106 100 
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First premolars were as frequently included as second premolars (Fig 11-2). The sample of 
premolars with fractures of buccal cusps and premolars with fractures of palatal cusps (56 vs. 
44%) and premolars on the right and the left side of the dentition (53 vs. 47%) was aselect 
(Binomial test, p >0.05). 
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Fig 11-2. Premolars and cavity/restoration surfaces at study intake  
 
 
With regard to the location of the fracture outline it was observed that in the majority of fractures 
(81%) the fracture line ended supragingivally. All fractures that ended below the gingival margin in 
this study were considered as suitable for the present restorative procedures. 
 In accordance with the occlusal wear of most dentitions, occlusal wear facets were 
observed at most of the fractured premolars (Table 11-9). Occlusal wear was also observed at 
78% of the antagonistic teeth. 
 
 
Table 11-9. Occlusal wear of fractured premolars 
 
Occlusal wear Teeth (n) Teeth (%) 
No visible wear on intact cusp 38 36 
Wear of enamel intact cusp only  46 43 
Wear of enamel and dentin intact cusp 22 21 
Total 106 100 
 
 
Increased mobility of the premolars was observed in a minority of cases (Table 11-10). 
Measurements of the pocket depths of the fractured premolars revealed probing depths of less 
than four mm for most (83%) of the teeth. 
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Table 11-10. Tooth mobility 
 
Mobility and pockets Teeth (n) Teeth (%) 
Physiologic mobility 89 84 
Mobility score 1* 17 16 
Mobility score 2* - - 
Total 106 100 
*According to Miller’s mobility index.
10 
 
 
Discussion 
 
 
This study was organized as a randomized clinical trial. The ideal design of experimental studies 
requires a double blind treatment but it is nearly impossible to conduct a double blind trial in 
restorative dental trials. The operator is always aware of the differences in clinical procedures. It is 
possible to blind the investigator in cases that the appearances of the investigated treatments are 
very similar. However, in this study the variables can be distinguished clearly. The patient is also 
more or less aware of the treatment modalities. However, he or she has no specific knowledge 
about the treatment and is considered to be not competent to judge the effectiveness of the 
procedures. A limitation of the present trial design may be that the porcelain-fused-to-metal crown 
(the ‘golden standard’) was no experimental variable and could therefore not be used as a true 
control. However, it is known that this type of crown shows excellent durability.13 The most 
important reason for investigating the adhesive cusp-replacing restoration was to provide a 
minimal invasive alternative for the porcelain-fused-to-metal crown, not to outrank the survival rate 
of crowns. 
 The treatment techniques applied (for details see Chapter 12) have been developed using 
the results of in vitro load tests and finite element analyses that have been described in the 
previous chapters. In contrast to the in vitro load tests, porcelain restorations were not applied in 
the clinical study. This decision was based on the absence of differences in fracture resistance 
between the indirect resin composite and porcelain restorations in the in vitro load tests. Resin 
composite was chosen for the clinical application since we expect the resin composite provides a 
more favorable clinical performance in terms of comfort, repair ability and abrasiveness. Cuspal 
coverage of the intact cusp has not been incorporated in the clinical procedure since the in vitro 
load tests suggested an unfavorable failure mode in case of fracture under occlusal loads. 
Furthermore, the intention was to choose a minimal invasive treatment approach. 
This study was conducted in a university setting with only two operators. This design was 
chosen to ensure controlled circumstances and optimal operator calibration. It may be difficult to 
infer the results of this trial to general practice, due to possible differences in treatment 
circumstances. For this, the study should be succeeded by a study in general practices. 
 To determine the required sample size for the study a power calculation was performed. 
The assumption for this calculation was a higher survival rate for the indirect restorations. A 
limitation in this respect is that the survival rates for both techniques cannot be estimated 
accurately since data from comparable studies are lacking. A high dropout of patients may 
influence the power of the study. This is, however, not to be expected since earlier clinical trials at 
the Nijmegen Dental School showed recall rates up to 95% after three years.3,4,6-9 At this moment 
the number of restorations made (n=54 for the direct technique and n=52 for the indirect 
technique) is not in agreement with the required number of restorations (n=88 for each group). The 
incidence of cusp fractures in the Nijmegen region was estimated to be adequate to include 
enough patients in the period planned for the study. Apparently, the appeal to the general dental 
practitioners to refer patients was not sufficiently successful, in spite of the fact that the 
investigators could be easily reached at a mobile phone during the course of the study. However, 
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the present results must be considered as the first report from the clinical trial. The power 
calculation was based on the differences in (long term) survival between the two groups, not on 
differences in baseline results that are described in Chapter 12. As the number of restorations may 
be not sufficient yet with regard to differences in survival, the intake of patients will be continued 
until the required number patients is included. This may result in differences in the composition of 
the sample. 
 Regarding the patient selection two aspects should be kept in mind. The first is that the 
inclusion and exclusion criteria have to be clear in order to select a sample as homogeneous as 
possible. The more homogeneous the sample is, the easier relationships between the patient 
characteristics and treatment outcomes can be detected (internal validity). On the other hand, the 
selected sample has to be more or less representative for the whole population, in order to infer 
conclusions from a clinical trial to a larger population (external validity). The external validity can 
for example be checked by comparing the patient sample with the information from the Dutch 
National Dental Survey (DNDS-study).14 This comparison is, however, difficult due to differences in 
evaluation criteria. Furthermore, it is not very likely that the study population is representative for 
the Dutch population, since selection was applied. A more valid comparison in this respect might 
be obtained by comparing the patient sample to populations in other studies on cusp fracture. In 
general, the description of the patient sample and of the involved teeth in the present study 
corresponded to the findings of studies on the incidence.15,16 Furthermore, patients were not 
included or excluded based on poor oral hygiene, parafunctional habits and the presence of 
occlusal wear facets. 
Assessment of possible risk factors for the fractured premolars and for the cusp-replacing 
restorations revealed that most patients had a good oral hygiene. Continuous overloading of the 
restorations due to a large number of absent teeth is not be expected in this study. Nevertheless, it 
appeared that most patients’ dentitions showed occlusal wear with exposure of dentin. In 
combination with the group guidance during lateral movements of the mandible that was observed 
in the majority of cases, it is expected that most cusp-replacing restorations will be subjected to 
occlusal loads during normal functional activity. Whether or not these functional loads occasionally 
increase by parafunctional habits is not clear yet. 
The identification of measurable parameters quantitatively describing the quality and 
appearance of dental restorations has always been very difficult. Usually they are focused on 
relatively easily measurable items, such as fracture of the restoration or the tooth, marginal 
adaptation or the presence or absence of proximal contacts. A clear prognostic variable to predict 
the survival of the restorations is unknown so far. Nevertheless, it is expected that the selected 
items for evaluation are useful for a qualitative description of the restorations involved. 
To our knowledge this is the first randomized clinical trial on adhesive cusp-replacing 
restorations. The applied restorative procedures have thereby been based on results of preceding 
in vitro load and finite element analyses. It is therefore expected that the results of the clinical trial 
will provide a well-founded indication of the clinical performance of these two types of restorations. 
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Abstract 
 
 
This study was conducted to assess the short term clinical performance of direct and indirect cusp-
replacing resin composite restorations. In 94 patients, 106 cusp-replacing restorations in upper 
premolars were made to restore Class II cavities with the buccal or palatal cusp missing. Fifty-four 
direct (Clearfil AP-X, SA primer and Clearfil PhotoBond, Kuraray) and 52 indirect (Estenia and 
Panavia F, Kuraray) resin composite restorations were placed following a strict protocol. Treatment 
technique and operator were randomly assigned. Treatment time was registered for all 
restorations. Evaluation at baseline (one-month postoperative) included postoperative sensitivity, 
presence of occlusal and proximal contacts and patients’ satisfaction. The treatment time for the 
indirect technique (68 ± 17 min) was longer than for the direct technique (45 ± 13 min). Stepwise, 
backward regression analysis was performed to assess the influence of restorative method, 
operator and location of the preparation outline on the total treatment time. After one month 
occlusal contacts were observed in 94% of the direct and in 98% of the indirect restorations (chi-
square, p >0.05). Proximal contacts were present in 98% of the direct and in 97% of the indirect 
restorations (chi-square, p >0.05). Postoperative sensitivity directly after treatment was reported for 
11% of the direct restorations and for 13% of the indirect restorations and decreased to 4% and 
6% respectively after 1 month (both chi-square, p >0.05). The one-month results of this study 
suggest that both direct and indirect adhesive techniques are adequate to restore the morphology 
and function of premolars with a Class II cavity and a missing cusp. Based on the difference in 
treatment time, the direct technique is considered to be more cost-effective on the short term. 
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Introduction 
 
 
Cusp fracture of teeth with amalgam restorations is frequently seen in dental practice.1 In an 
epidemiological study, cusp fracture was observed in 14% of the patients with an age above 45 
years.2 Another study reported that 10% of Class II amalgam restorations, were replaced because 
of fracture of the tooth.3 For complete cusp fracture, incidence rates of 20.54 and 715 per 1,000 
person-years at risk are published. Consequently, in an average Dutch dental practice with about 
2500 regular attending clients, once a week a case of cusp fracture in the posterior region will 
show up. 
The traditional treatment of cusp fractures in premolars is to restore the tooth with a metal-
ceramic crown or a cusp covering amalgam restoration. This technique however, requires removal 
of a large part of the remaining cusp in order to create retention and resistance for the restoration. 
When adhesive techniques can be used to restore the fractured cusp this will save sound tooth 
tissue. As there is a reduced need for preparation, complications like pulpal damage might be 
prevented.6 Adhesive resin composite restorations in Class II cavities perform satisfactory 
according to many clinical studies. In a recent review mean annual failure rates of 2.2% for direct 
resin composite restorations and 2.9% for composite inlay restorations have been reported.7  In a 
study on large Class II restorations 17.7% failures were reported for indirectly made and 27.3% for 
directly made resin composite restorations after 11 years.8 For cusp-replacing adhesive 
restorations no data are available on clinical performance and longevity. 
By application of an adhesive technique to restore teeth with fractured cusps, existing 
restorative procedures must be adopted and specific principles have to be developed with regard 
to restoration material and cavity configuration. As a support to the development of guidelines on 
this matter, in vitro research suggests that resin composite might be a suitable material to use for 
cusp-replacing restorations in premolars.9,10 Fracture strength of cusp-replacing resin composite 
restorations are comparable to the fracture strengths of ceramics and amalgam restorations.11,12,13 
Cavity preparation for adhesive restorations is guided by a minimal invasive approach. Studies 
done on this subject imply that resistance forms like shoulder preparation or cuspal coverage are 
not required for the treatment of a premolar with an existing amalgam cavity preparation and a 
fractured cusp. However, when the tooth-restoration interface is a flat surface, fracture resistance 
is significantly lower due to shear stresses.11 In addition, the filling technique did not influence the 
stress due to polymerization shrinkage.14 Laboratory data indicated that a direct and indirect 
restorative technique resulted in comparable fracture loads and failure modes.10 It has also been 
stated that direct resin composite restorations are preferred over indirect restorations for reasons 
of minimal intervention15 and better adhesive strength.16,17 Nevertheless, indirect techniques are 
advocated to overcome problems related to shrinkage18 and because they depend less on the 
operator's clinical skills, needed to achieve the required anatomical shape. 
Based on preparation and restoration designs tested in vitro, two cusp-replacing resin 
composite restoration techniques for upper premolars were chosen to test in this clinical study. 
9,10,11,14 The aim of the present study was to compare these techniques regarding to efficiency and 
short term effectiveness, expressed as: the treatment time required, postoperative sensitivity and 
functional morphology. The hypothesis was that the indirect technique requires more clinical 
treatment time, leads to less postoperative sensitivity and is more adequate for restoring 
morphology and function than the direct restoration. 
 
 
Material and methods 
 
 
Patients sample 
 
Between December 2001 and June 2004 a total of 106 premolars with a fractured cusp in 94 
patients (age 54, range 35 to 79 years; 50 male, 56 female) were included. Patients were recruited 
from the Nijmegen Dental Faculty or referred by general practitioners in the region. Inclusion 
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criteria were fracture of the buccal or palatal cusp or re-restoration of vital upper premolars with an 
existing cusp-replacing restoration. Patients had to be in healthy general condition. Periodontal 
problems were only a reason for exclusion in case the Miller score for mobility exceeded three.19 
Patients with a habit of bruxism were not excluded. Exclusion criteria were absence of an 
antagonist and presence of occlusal stops for removable partial dentures. The remaining cusp had 
to be sound and preparation outlines in dentin were allowed. Of the selected group of 106 teeth 54 
were restored using a direct resin composite technique and 52 were restored using an indirect 
resin composite technique. Eighty-nine percent of the restorations were 4-surface restorations 
(MODP or MODB), the other 11% were 3-surface restorations (MOB, DOB, MOP or DOP). Eighty-
five percent of the cervical outlines of the preparations were above gingival level. For the distal 
outline this was 67%, for the mesial outline 82%.  
Treatments were performed by two dentists at the clinic of the dental faculty. Operators 
were experienced in making direct resin composite restorations and in the beginning they had only 
little experience in making the indirect resin composite restorations. Treatment technique and 
operator were randomly assigned (Table 12-1) using random numbers. The study protocol was 
screened and approved on its ethical acceptability by the Committee Experimental Research on 
Man of the Radboud University Nijmegen Medical Centre and patients signed an informed 
consent. 
 
 
Table 12-1. Number of premolars in the sample for several variables 
 
Method Operator Fractured cusp Number of restored surfaces 
 one two buccal palatal three four 
Direct 29 25 28 26 4 50 
Indirect 26 26 31 21 8 44 
Total  55 51 59 47 12 94 
 
 
Cavity preparation 
 
All present restoration material and carious tissue were removed. For the direct technique as well 
as for the indirect technique the cavities were finished with a 45o bevel for the ascending walls and 
the cervical margin if enamel was present. Margins in dentin were finished butt-joint. The 
preparation of the indirect technique was carefully checked and if necessary adjusted to prevent 
undercuts. During preparation, tooth vitality was checked by asking the patient and, in case of a 
negative response, a radiograph was taken to check for peri-apical deviations. 
 
Restorative procedure direct technique 
 
Prior to the actual restorative procedure a contoured tofflemire metal matrix (Hawe Neos 1001C) 
and wooden wedges were placed. Moisture control was performed using cotton roles and a suction 
device. The cavity surface was etched for 20 seconds with a 37% phosphoric acid etch gel 
(Superlux-Thixo Etch, DMG). Then the preparation was thoroughly rinsed for at least 10 seconds, 
and gently air-dried. Dentin primer and bonding agent were applied according to the 
manufacturer’s instructions (Clearfil SA primer and Clearfil PhotoBond, Kuraray). A highly filled 
(70%vol, 86 %wt) hybrid resin composite (AP-X, Kuraray) was used as restorative material. The 
restoration was build-up in layers with a maximum thickness of 2 mm, using an injection technique. 
Each layer was light cured for 40 seconds with a halogen curing light. Intensity was 660 mW/mm2 
as measured before and after the experiment using a curing radiometer. First the missing cusp 
was build up and then separation rings (Danville) were placed after which the mesial and distal 
boxes and the step were restored. 
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Restorative procedure indirect technique 
 
After finishing the preparation a full arch silicone impression (Provil, Heraeus Kulzer) was taken. A 
temporary filling was made (Cooltemp, Maillefer) and fixed using spot etch technique. In the 
laboratory the indirect composite restoration (Estenia, filler load of 82% vol, 92% wt, Kuraray) was 
modeled according to the manufacturer instructions. All restorations were made by one and the 
same dental technician. Two weeks later the temporary filling was removed and the restoration 
was inserted to check the anatomical form, marginal fit and color. If the color was not correct or if 
the marginal fit could not be adjusted the restoration was sent back to the laboratory. If anatomical 
form, marginal fit and color were correct, the internal surface was sandblasted for 15 seconds with 
50 µm aluminum oxide, acid etched for 10 seconds using a 37% phosphoric acid etch gel and 
treated with a silane coupling agent (SE primer with Porcelain Bond Activator, Kuraray). Moisture 
control was performed using cotton roles and a suction device. The enamel of the preparation was 
acid etched for 10 seconds with 37% phosphoric acid etch gel, rinsed and gently air dried. Then a 
dentin primer (ED primer, Kuraray) was applied for 60 seconds to the whole preparation surface. 
The restoration was cemented with a dual cure resin composite cement (Panavia F, Kuraray). The 
cement was light cured for 20 seconds from the buccal or palatal and 20 seconds from the occlusal 
side. Excess of cement was removed and an oxygen blocker was applied on the margins for three 
minutes. 
 
Both direct and indirect restorations were finished with polishing discs and strips for the proximal 
and buccal or palatal surfaces. The occlusal surfaces were finished with fine grit diamond burs. 
Finally occlusion, articulation and proximal contacts were checked. 
 
Evaluation procedure 
 
At baseline, patients were interviewed to record sensitivity of the tooth, before and after the cusp 
fracture. The treatment times required for the different stages of the treatment procedure were 
recorded. The laboratory time needed to make the indirect restoration was not registered. 
Baseline evaluation was performed after one month and included an interview and a visual 
inspection of the restoration. Patients were asked if they had experienced sensitivity (yes or no), 
for how long and under which circumstances (cold/warm, on biting or spontaneously). Occlusal 
contacts were assessed as present or absent using occlusion paper of 12 µm thickness (Arti-Fol, 
Dr. Jean Bausch). Proximal contacts were assessed as present or absent using waxed dental floss 
(Johnson & Johnson). The contact was scored absent if there was no resistance against passing 
of the floss and not applicable if there was a diastema or if the contact surface was not involved in 
the restoration. The baseline evaluations were performed by the operator who had not done the 
treatment. The first 20 patients were treated by one operator treating and the second operator 
assisting or vice versa in order to validate inter-examiner agreements. 
Satisfaction of the patients with the color of the restoration was recorded by an interview. 
They were asked to give a score on a ten-point scale. 
 
Statistical analysis 
 
To analyze the effect of restoration method, operator, number of restored surfaces and the location 
of the preparation outline on the total treatment time, step-wise, backward regression analysis was 
performed.  Since the distribution of the treatment time was positively skewed, Ln (treatment time) 
was used as independent variable. To analyse diffences in treatment time for the separate steps of 
the treatment two-tailed t-tests were performed. Chi-square test was performed to analyze 
differences in postoperative sensitivity between the two treatment options. Spearman’s correlation 
was applied to sensitivity before and after treatment. Analyses were performed to assess a 
learning effect by splitting the records in two consecutive cohorts. Two-tailed t-tests were 
performed on ln-transformed treatment times. Chi-square test was performed to analyse 
differences in patients satisfaction regarding color of the restoration. For all statistical analyses a 
significance level of 5% was used. All analyses were performed with SPSS version 10. 
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Results 
 
 
The mean total clinical treatment time for the indirect technique (68 ± 17 min) was significantly 
longer than for the direct technique (45 ± 13 min) (p <0.001), (Table 12-2). Time needed for the 
preparation was comparable for both techniques (p =0.47) and finishing took less time when 
making the indirect restoration (p =0.006). When the combined time for placing the matrix and 
making the direct restoration (18 ± 5 min) was compared with the combined time for fitting and 
cementing of the indirect restoration (20 ± 7 min), no difference was found (p =0.12). Treatment 
times needed for the impression and temporary filling were 13 ± 5 minutes, respectively 12 ± 5 
minutes. Regression analysis revealed that the restoration method had the largest effect on the 
treatment time followed by operator and the location of the distal preparation outline. The indirect 
technique took 49% more time than the direct technique (p =0.0001), Operator 2 needed 20% 
more time than Operator 1 (p =0.002) and a subgingival distal outline took 14% more time (p 
=0.02). Cavity size, fractured cusp (buccal or palatal) and the outline location of the mesial and 
buccal or palatal side had no significant influence. 
 
 
Table 12-2. Treatment times (in minutes) for the different part of the procedures 
 
Method Total Preparation Matrix Restoration Finishing   
Direct 45±13 10±8 4±3 14±4 18±6   
   Fitting Cementing  Impression Temporary 
Indirect 68±17 10±4 8±5 12±6 14±6 13±5 12±5 
P-value 0.000* 0.47** 0.122** 0.006**   
*= 1-tailed, **= 2-tailed 
 
 
For the direct technique all treatment phases demonstrated a learning effect. The total 
treatment time decreased from 51 to 39 minutes (p =0.0001). For the indirect technique only the 
preparation time decreased (p =0.001). The total treatment time decreased from 73 to 63 minutes 
but this was not significant (p =0.08). 
After one month occlusal contacts were present in 94% of the direct and in 98% of the 
indirect restorations (chi-square, p >0.05). Proximal contacts were present in 98% of the cases for 
the direct and 97% of the indirect technique (chi-square, p >0.05), (Table 12-3). Postoperative 
sensitivity directly after treatment was reported for 11% of the direct restorations and for 13% of 
the indirect restorations and decreased to 4%, respectively 6% after one month (both chi-square, p 
>0.05), (Table 12-4). Sensitivity was such that no further treatment was required. Sensitivity just 
before treatment was correlated with sensitivity the first days after treatment (r= 0.207, p = 0.04).  
The score for patient satisfaction for color was 8.5 for the direct technique and 8.8 for the 
indirect technique. This difference was not significant (p >0.05). 
 
 
Table 12-3. Restoration morphology 
 
Method Proximal contact (%) Occlusal contact (%) 
 mesial Distal static dynamic 
Direct 98 100 94 83 
Indirect 97 100 98 96 
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Table 12-4. Percentages of pre- and postoperative sensitivity 
 
Method Before fracture At intake After treatment One month after treatment 
Direct 15 13 11 4 
Indirect 12 13 13 6 
 
 
Discussion 
 
 
Based on our incidence4 study it was expected that every day a patient with a premolar with a cusp 
fracture would present himself to a dentist in the region of Nijmegen. In that case it would have 
taken three months to include the 94 patients that have been treated in this study so far. 
Unfortunately, it took 2.5 years before the 94 patients could be included. This long intake period 
might have influence on the internal validity of the study. Since we decided to work with only two 
operators, with the purpose of proper control of the treatment protocols, it is unlikely that this long 
intake time will affect the results. 
From previous studies and from clinical experience we assumed that resin composite using 
a direct technique is suitable to restore a fractured cusp of an upper premolar. The indirect 
restoration technique was included in the assessment because it was expected that this technique 
might facilitate to obtain a proper functional morphology as the restoration is made extraorally. In 
this study both techniques give satisfactory results meeting functional standards like proper 
proximal contacts and good occlusion. There are several features that can help the dentist to 
create a well-designed direct restoration. The use of a contoured matrix for the direct technique 
helps to get a good contour and the separation rings result in tight proximal contacts.20 The use of 
the separation rings also reduces the time needed to finish the proximal contact areas. 
Nevertheless, the morphology of the direct restoration largely depends on the skills of the dentist.  
It was hypothesized that the indirect technique would require more treatment time than the 
direct technique. Preparation time was comparable for both techniques while the finishing 
procedure of the direct restoration did take a little longer than that of the indirect restoration. 
However, adhesive cementation of the indirect restoration is a complex procedure, which required 
almost as much time as making the restoration with the direct technique. A careful fitting and 
cementing procedure was important because the present type of preparation provides little macro-
mechanical retention and resistance form. The longer time needed for the indirect technique is 
primarily caused by the time needed for the impression and the temporary filling. In this study 6 out 
of 52 restorations were sent back to the laboratory due to impropriate fit or color. The time needed 
for this extra session was not taken into account as it might be partially explained by the lack of 
experience with the indirect resin composite material. The time required for the laboratory 
procedure was by estimation about 90 minutes per restoration. If a cost-effectiveness analysis is to 
be made this time should to be taken into account just as the fact that the patient had to come 
twice. The longer treatment time together with those two aspects make the direct technique 
procedure from this point of view, favorable compared to the indirect technique.  
Because both operators were relatively inexperienced using the indirect technique one can 
expect a learning curve resulting in a shorter time needed for the treatment. Such an effect was 
only seen for the preparation procedure. This might be due to the fact that the other phases like 
impression taking and fitting the restoration are routine procedures, which are comparable to the 
procedures when making a full crown. For the direct technique a learning effect, expressed in the 
time needed to accomplish the procedures, was seen for all phases of the treatment. This might be 
due to the fact that the direct technique requires specific skills and that even experienced 
operators continue learning.  
For postoperative sensitivity it was expected that patients treated with the direct restoration 
would experience more postoperative sensitivity due to the stresses caused by the polymerization 
shrinkage. This was not the case. For both techniques only 5% of the patients experienced 
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postoperative sensitivity. Maybe the previous restoration of the premolars caused sufficient 
deposition of tertiary reactionary dentin. Furthermore, both techniques appear to be well accepted 
by the pulp. For both techniques not much more than removal of the old restoration is needed. In 
the situation that one cusp of a premolar is fractured and the existing restoration is removed, 
undercuts remain seldom. So even for the indirect restoration additional preparation can be 
minimal. Furthermore, polymerization shrinkage of the direct restoration apparently had no effect 
on the sensitivity the patients experienced. This might be due to the favorable C-factor of the 
preparation geometry. 21 For the indirect technique, the period of two weeks that the patients had a 
temporary filling did not result in an increase of the postoperative sensitivity.  
The direct restorations were made with Clearfil AP-X for reasons of strength. Due to the 
type of fillers the material is rather opaque and cannot be polished to a high gloss. Nevertheless, 
these restorations met the esthetic wishes of the patients. For the short term the indirect technique 
seems less efficient than the direct technique. The longer time investment for the indirect 
technique can be acceptable if the long-term performance of the restoration appears to be better 
than that of the direct resin composite restoration. The long-term performance of both restoration 
types will be investigated in this ongoing study and will be reported in the future. 
 
 
Conclusions 
 
 
Both the direct and indirect resin composite restoration technique provided comparable results 
concerning functional morphology and postoperative sensitivity. Hence the indirect technique 
requires more treatment time. How the restorations perform on the long term will be reported in the 
future. 
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Abstract 
 
 
This chapter discusses the findings of the different parts of this study in summary and the relations 
between the results, presents some conclusions and provides some suggestions for future 
research in this field. With respect to clinical practice it can be recommended that the minimal 
invasive approach should be considered in case of cusp fracture of posterior teeth. The restorative 
procedure after cusp fracture is characterized by the removal of carious tooth tissue and grinding 
of a bevel; further preparation is omitted. At this stage there are no indications that the clinical 
behavior of direct and indirect cusp-replacing adhesive restorations will show large differences; 
until this point the preferences of the dentist and the patient dictate the restorative method of 
choice. We hope that the ongoing clinical study will provide failure data that put the findings of 
these theses in perspective with daily dental practice. 
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The general objective of the present theses was to develop reliable clinical procedures for 
adhesive cusp-replacing restorations and to investigate their clinical performance. After fracture of 
a cusp of a premolar and the removal of an existing Class II restoration, a large cavity remains that 
involves the major part of the clinical crown. The point of departure of the treatment in this study 
was to restore those fractured premolars by a “tooth tissue saving” technique. It was questioned 
whether the geometry of the cavity as described above provides sufficient retention to restore the 
tooth reliably without any additional preparation. Contrary, additional preparation might be required 
in order to improve the retention and resistance of the restoration.  
The concept of modern dentistry is directed by the essence that a tooth is not reinforced by 
replacing sound tooth material by restorative material. Moreover, bonding of restorative materials 
reduces the need to create retentive or resistance forms in the remaining tooth. Consequently, the 
application of adhesive techniques expands at the expense of traditional more invasive techniques. 
With the evaluation of a new treatment concept, four principles can be applied: effectiveness, 
efficiency, appropriateness and adequacy.1 Effectiveness is understood here to mean the actual 
longevity and clinical performance of the restoration. Efficiency can be expressed in a cost 
analysis. Aspects of both principles are explicitly included in the clinical part of this study. 
Appropriateness, the absence of negative side effects, has partly been covered by the in vitro 
studies and by the clinical study. Adequacy, which refers to the compliance of the treatment 
outcome to the treatment demand, is met by the opinion of the patient in the clinical study. 
Above all, there is the question whether the proposed treatment meets a specific treatment 
need. On the basis of the results of Chapter 2 we conclude that it is warranted to develop a clinical 
procedure for cusp-replacing bonded restorations. In order to avoid a try-and-error approach in the 
clinical phase, the laboratory studies have been designed. In the following, a discussion is 
dedicated to the scientific methods that have been applied and to the effects of cavity geometry, 
restoration material and procedures on the mechanical survival of the adhesive cusp-replacing 
restoration. 
 
 
Load tests 
 
 
One of the main problems in the design of the in vitro load tests was to standardize the specimens. 
The selection of tooth material was aimed at collecting premolars of comparable size. However, 
the availability of extracted sound premolars was low, even at a dental faculty. Therefore several 
external dental practices were approached to provide us with an adequate number of human 
premolars. Only a limited number of premolars was suitable for the study. Moreover, a meticulous 
operative procedure was developed in order to minimize variation in sizes of the prepared 
premolar crowns, cavities and restorations. The complete procedure appeared to be very time-
consuming. Despite our efforts for an extensive standardization, a relatively large variation in 
loading and fracture results was found in all our in vitro tests. Possibly the complex geometry of the 
preparations resulted in complex stress distributions during loading. Also internal configuration 
differences like enamel thickness and quality of the dentin might be due to variation in results. It 
may be anticipated that results will vary even more with the absence of standardization.  
During the project the type of load test changed. In the first part, a static load test was 
used, in which samples were loaded until fracture. The principle behind this technique is found in 
the physical testing of materials. In case of restorations, it is the first test of feasibility of the 
reconstruction. In the dental literature no data were available on the in vitro behavior of these kinds 
of restorations. The results of the tests were considered as a rough guide to design this type of 
restoration.  
Static tests do not simulate clinical conditions while dynamic load tests are more 
appropriate to go in further detail. Therefore, in the second part of the project  a dynamic load test 
was performed, in which a moderate load was repeatedly exercised on samples during several 
hours to simulate fatigue. From pilot studies it appeared that fatigue loads in the order of 600 N 
during 1,000,000 cycles (testing time more than 55 hours) did not result in detectable fracture of 
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the constructions. To restrict study duration, a dynamic load test was designed in which loading 
was step-wise increased. This was referred to as the accelerated fatigue test. 
 
 
Finite element analysis 
 
 
As stated in the preceding chapters, the basic idea of the project was to support the comparability 
of the laboratory tests by using one restored premolar of average size that served as a master 
model. This approach was successful. The master model was also incorporated in the FE 
analyses. Subsequently, we varied the material properties of the materials, which is quite easy to 
do using this technique. However, we also would have liked to vary the geometry of the cavity and 
assess the effect of this parameter on the mechanical survival of the restoration. This appeared to 
involve more computer work and required an extensive time investment. Therefore we restricted 
ourselves to the two geometries that are clinically most relevant. Future development of dedicated 
software should facilitate the possibility to analyze different geometries within a reasonable time 
span. 
The FE analyses proved to be a valuable tool in the set up of clinical guidelines. However, 
the dilemma of unavailability of data on specific material characteristics, such as material (fatigue) 
strength data and interface strength data, remains. The interpretation of FE simulations will be 
greatly advanced if these data become available in the literature. 
New in dental FE analyses is the introduction of the so called safety factor. This material 
characteristic under loading describes the relation between strength of a material and the stress 
calculated in the model. Ideally, locations with the lowest safety factor should correspond with the 
locations where fractures initiate. Data from in vitro loading experiments relate to the final fracture, 
but hardly to fracture initiation, since internal processes are hard to assess with experimental 
methods. In order to explain the actual failures of the load test from the theoretical calculations of 
the FE analysis, the results of both test methods were compared. We were able to describe 
general features of restoration failure behavior by combining the two research methods. High-
stress areas in the FE model corresponded largely with the failure modes of the load test. Despite 
the fact that both the FE model and the load studies had the same input (size, geometry, material 
characteristics) a one-to-one comparison was quite difficult to make. 
The FE simulation as used in this project predicts the initiation of failure on the basis of 
calculated stress and materials strength reported in the literature. However, ideally one would want 
to be able to simulate initiation and the following progression of the fracture process. It is expected 
that future FE models are able to simulate dynamic processes like crack propagation at the 
interface between tooth and restoration. This development is connected with the further 
development of computer capacity. Improved calculation capacity also promotes the incorporation 
of anisotropy and the resilience of the periodontal tissue in the model. 
 
 
Cavity geometry and mechanical survival 
 
 
Given the limited resistance of bonded materials to shear forces, it was expected that the 
incorporation of additional resistance forms to the cavity would be beneficial for survival of the 
restoration. However, the cavity configuration that remained after removal of the existing Class II 
restoration, demonstrated sufficient resistance to support the restoration. In case of the absence of 
a Class II cavity and an isolated fracture of a cusp -resulting in a smooth surface- (the negative 
control in Chapter 3) it is suggested to provide the cavity with some resistance form in order to 
improve fracture resistance. 
It was expected that cuspal coverage would prevent the remaining cusp from fracture under 
load. Indeed the restorations with cuspal coverage showed higher fatigue resistance, but in case of 
failure, a catastrophic fracture occurred. This rendered the tooth to a condition that was not 
repairable and in daily practice such fractured teeth are often extracted. Therefore, the choice 
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regarding the cavity design in the clinical trial was obvious. The ability of re-restoration of 
premolars without cuspal coverage in case of fracture was preferred over the higher fracture 
resistance of premolars with cusp covering restorations. 
From the literature review in Chapter 1, it can be concluded that endodontically treated 
posterior teeth without restoration covering the cusps have a higher risk of fracture. Moreover, our 
incidence study revealed that those teeth show a high risk to unfavorable fracture of the remaining 
cusp. Hence, these results suggest that the endodontically treated premolar with a Class II 
restoration might benefit from a cusp covering restoration. 
 
 
Restorative materials and procedures and mechanical survival 
 
 
The results from the experiments indicate that the interface is the weakest part of the 
reconstruction. It is suggested that the fracture initiates along the interface of the axial wall of the 
cavity. It remains unpredictable whether the fracture continues through the complete interface or 
follows a pathway through the tooth material. On that basis it is anticipated that the adhesive 
system is more important than the restorative material itself. Unfortunately, it is difficult to model 
the adhesive layer reliably in an FE model, and a dynamic model that simulates the failure process 
progressively is desirable.  
In case of the indirect restoration, the resin cement provides the adhesion of the restoration 
to the tooth tissue. In a study on design parameters for all-ceramic crowns, it is recommended that 
the resin cement layer should have a uniform thickness all along the interface in order to obtain an 
even stress distribution within the material.2 In the clinical situation this is impossible to achieve. It 
is to be expected that in areas with a minimal cement layer thickness, locations with high stresses 
will develop from where fractures may initiate. 
 The introduction of fiber reinforcement showed to be a promising perspective. Not the 
reinforcing effect that should lead to a stronger restoration became evident as one might expect. 
Rather the incorporation of fibers conducts the fracture in a direction less harmful to the tooth. In 
view of preventing catastrophic failure of the tooth itself, incorporation of fibers to reinforce the 
cusp covering restoration of an endodontically treated tooth is promising. A fiber sandwich 
technique is an interesting subject for further research. The application of fibers in a direct 
restoration is complex. Therefore clinical techniques to place the fibers have to be developed. The 
specimens that have been used in the experiment are made extra-orally, enabling a better control 
of the restorative procedure. The same applies to the incorporation of fibers in indirect resin 
composite restorations. 
 
 
Clinical study 
 
 
The design of the project was directed to supply the clinical study with data from the preceding in 
vitro studies in order to acquire information on restorative procedures. By absence of data from the 
literature, the choices made for the clinical procedures had to be based on our own experimental 
data. This set up demonstrated to be effective and clinical guidelines could be designed. At this 
stage it is of course premature to regard these guidelines as clinical practice guidelines. 
Important features of the clinical procedures were covered by the experimental data. 
However, for one of the most important features, that is the choice of material, the experimental 
data were non-decisive. Secondary arguments influenced the materials selection (see Chapter 11). 
Regarding the type of technique (direct versus indirect) the choice was based on the expected 
clinical advantages using indirect techniques (handling of the material). Furthermore, the FE 
analysis revealed that, with respect to the direct technique, the sequence in which layers of 
composite material were applied and cured had no effect on the stress distribution in the resulting 
restoration. Hence, the protocol was made on the basis of clinical experience from which it 
appeared that it is most easy to build up the cusp first, followed by restoration of the boxes. This 
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sequence enables the placement of separation rings, which improves the quality of the proximal 
contacts and reduces the time required for finishing the restoration. 
 
 
Conclusions (in reference to the objectives as stated on page 13) 
 
a) Incidence of complete cusp fracture of posterior teeth is 20.5 per 1,000 person-years at risk in 
a Dutch population. 
b) 1. The preparation of an additional shoulder, in a premolar that previously had an MOD 
amalgam restoration followed by cusp fracture, does not improve the shear fracture strength of 
cusp-replacing direct resin composite restorations. 
2. Despite the use of an adhesive technique, some macro-mechanical resistance improves 
the fracture resistance of cusp-replacing adhesive restorations. 
c) 1. The fracture resistance of cusp-replacing resin composite restorations is increased by 
lowering the remaining cusp, followed by coverage with restorative material. 
2. However, fracture of restorations with cuspal coverage leads to more dramatic failures that 
make restoration virtually impossible. 
d) 1. Ceramic, indirect resin composite and direct resin composite restorations provide 
comparable fatigue resistance in cusp-replacing adhesive restorations and exhibit comparable 
failure mode in case of fracture. 
2. Glass fiber reinforced resin composite (FRC) does not increase fracture resistance of 
premolars with cusp-replacing restorations. However, FRC has a beneficial effect on the failure 
mode. 
3. The sequence in which the direct cusp-replacing adhesive restoration is built up does not 
influence the resulting polymerization shrinkage stresses. 
e) 1. The direct and indirect resin composite restoration techniques provide comparable results 
concerning functional morphology and occurrence of postoperative sensitivity. 
2. The indirect technique to fabricate cusp-replacing resin composite restorations requires 
more clinical treatment time than the direct technique. 
 
 
Recommendations 
 
With respect to the experimental methods: 
• The procedure to generate an FE model with the use of a microscale computed tomographic 
data-acquisition technique appeared to be effective and is recommended for future research. 
• The safety factor is an effective instrument in the assessment of failure problems with cusp-
replacing adhesive restorations and should be used in future research. 
• In vitro loading tests and FE models are effective tools to gather knowledge on fracture 
propagation in resin composite restorations. The combination of both data sources and 
preferably the validation of the FE technique by the results of other experimental studies should 
be subject of further research. 
With respect to the clinical practice: 
• The minimal invasive approach should be considered in case of a large cavity in posterior 
teeth. 
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• The restorative procedure after cusp fracture is characterized by the removal of carious tooth 
tissue and grinding of a bevel; further preparation is omitted. 
• At this stage there are no indications that the clinical behavior of direct and indirect cusp-
replacing adhesive restorations will show large differences; until this point the preferences of 
the dentist and the patient dictate the restorative material of choice. 
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Chapter 1 provides a brief literature overview of the background and the rationale for the cusp-
replacing adhesive restoration as a minimal invasive treatment alternative for the conventional 
crown. The research techniques used in the study are presented. In addition, the objectives of the 
study and an outline of the theses are described. 
 
Chapter 2 describes a study conducted to expand the knowledge on the incidence of complete 
cusp fracture of posterior teeth in Dutch general practices. During a 3-month period, data were 
obtained from 28 general practitioners, representing 46,394 patients. For each new case of 
complete cusp fracture, clinicians recorded information using a standard form with questions 
relating to location of the fracture, cause of fracture, and restorative status of the tooth prior to the 
cusp fracture. There were 238 cases of complete cusp fracture recorded. The results of this study 
indicate an incidence rate of cusp fractures of 20.5 per 1,000 person-years at risk. Molars were 
more frequently registered with cusp fractures than premolars (79% vs 21%). Maxillary molars 
presented more fractures of buccal cusps (66% vs 34%), while mandibular molars presented more 
fractures of lingual cusps (75% vs 25%). Almost 77% of the cases had been restored on three or 
more surfaces. Statistical analysis revealed a positive correlation between history of endodontic 
treatment and subgingival fracture location. Mastication was most frequently reported as the cause 
for fracture (54%), although one can argue whether the occlusal force was the cause or the 
immediate reason. This study revealed that complete cusp fracture is a common phenomenon in 
dental practice and has shown differences in cusp fracture with respect to tooth type and 
restorative status of the tooth. Teeth with a history of endodontic treatment are susceptible to 
unfavorable subgingival fracture locations. 
 
The objective of the study described in Chapter 3 was to assess the influence of an additional 
shoulder preparation on the fracture strength of a cusp-replacing direct resin composite restoration 
in a premolar that previously had an amalgam MOD restoration followed by fracture of a cusp. Two 
preparation designs were tested. In extracted sound premolars an MOD amalgam cavity was 
simulated followed by fracture of a cusp (Group A). Group B was the same as Group A but a 
shoulder was added along the cervical outline of the preparation. As a control group, cusp fracture 
was simulated but no MOD amalgam cavities were prepared. For each group, 14 preparations 
were made using a copy-milling technique. All 42 preparations were restored using a direct resin 
composite restoration technique. Restorations were loaded until fracture. The fracture strength of 
the preparation with shoulder was not significantly different from the preparation without the 
shoulder. The fracture strength of the preparations in the reference group, which had no resistance 
form, was significantly less than in Groups A and B (ANOVA, p <0.05). Results of this in vitro study 
indicate that an additional shoulder preparation in a premolar with an MOD amalgam cavity 
preparation and a fractured cusp does not improve fracture strength of cusp-replacing direct resin 
composite restorations. 
 
Chapter 4 describes a study aiming to assess the influence of palatal cuspal coverage on the in 
vitro fatigue resistance and failure mode of Class II resin composite restorations including 
replacement of the buccal cusp in premolars. A master model was made of a maxillary premolar 
with an MOD amalgam cavity and a simulated fracture of the buccal cusp from the isthmus floor to 
the CEJ. Using the same copy-milling technique as in the study described in Chapter 3, this 
preparation was copied to 20 extracted human maxillary premolars (Group A). Subsequently, the 
palatal cusp was reduced by 1.5 mm; this modified preparation was copied to 20 additional 
maxillary premolars (Group B). Direct resin composite restorations were made in all teeth. Cyclic 
load (5 Hz) was applied, starting with a load of 200 N (10,000 cycles), followed by stages of 400, 
600, 800, and 1,000 N at a maximum of 50,000 cycles each. Samples were loaded until fracture or 
to a maximum of 210,000 cycles. Of the restored premolars of Group A, 20% withstood all 210,000 
loading cycles; in Group B, this figure was 55%. In Group A, 19% of the fractures ended below the 
CEJ; in Group B, 78% did. Palatal cuspal coverage increased the fatigue resistance of Class II 
resin composite restorations with replacement of the buccal cusp in premolars. However, fractures 
of restorations with cuspal coverage led to more dramatic failures that made restoration virtually 
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impossible. This suggests caution in lowering remaining cusps for these adhesive restorations in 
the clinical situation. 
 
The development of a 3-D finite element model of a premolar based on a microscale computed 
tomographic (CT) data-acquisition technique is describes in Chapter 5. The development of the 
model is part of a project studying the optimal design and geometry of adhesive tooth-colored 
cusp-replacing restorations. The premolar was digitized with a micro CT scanner with a resolution 
of 13 m. Surface contours were fitted to the various materials, after which a 3-D finite element 
mesh was constructed to the contours. To demonstrate the potential use of the resulting model, it 
was applied to a cusp-replacing resin composite restoration. The stress patterns generated in the 
composite material were truly 3-D. Stress concentrations were found at the surface were the load 
was applied and in the vicinity of the dentin-composite bonding surface, where the interface had its 
complex geometry. The described procedure is an easy method to produce a highly detailed 3-D 
FE model of a premolar with an adhesive cusp-replacing restoration. 
 
The aim of the study described in Chapter 6 was to explore and compare the results of occlusal 
load application to cusp-replacing composite restorations, studied by means of FE analysis and in 
vitro load tests. A 3-D FE model was created with a set up similar to an in vitro load test that 
assessed the fatigue resistance of upper premolars with buccal cusp-replacing resin composite 
restorations. Occlusal load was applied to two geometries (with and without palatal cuspal 
coverage), and tooth-restoration interface and composite material stresses were calculated. 
Subsequently safety factors were calculated by dividing the material strength values by the 
obtained stresses. The highest safety factors were observed for the restorations with cuspal 
coverage. This was consistent with the load test, in which cuspal coverage led to higher fracture 
resistance. Furthermore, the FE analysis predicted that failure of the tooth-restoration interface is 
more likely than failure of the composite material. The load test showed predominantly adhesive 
failures of the restorations. Although the described test methods did not lead to a complete 
understanding of the failure mechanism, it can be concluded that the FE analysis provides 
additional information with regard to the differences in fracture behavior of these types of 
restorations. 
 
Restoration of dental restorations with resin composite is hampered by shrinkage of the material 
during the polymerization process. In the study that is presented in Chapter 7, we simulated the 
polymerization process in a detailed 3-D finite element model of a human upper premolar with a 
cusp-replacing restoration. It was analyzed how the stress patterns changed during polymerization 
and it was assessed whether immediate failure of the restoration is likely to occur and if so, which 
locations within the restoration are at highest risk and what the clinical implications of these 
findings are for clinical practice. It was found that the stresses increased rapidly during 
polymerization and decreased again in the post-polymerization phase. At the interface, tensile 
stresses relaxed to a higher degree than the shear stresses. Stress values in the composite 
material and at the interface with the tooth tissue were lower than the reported strength values 
suggesting that immediate failure is unlikely. The safety factor against mechanical failure of the 
interface, however, was relatively low indicating that the interface between the composite material 
and the tooth tissue is at a higher risk for failure than the bulk of the restoration. Stress relaxation 
was less effective in areas where the interface surface was irregular. In common practice, irregular 
interface surfaces are used to increase the retention of the restoration. This study indicates that 
the increased retention may be compromised to some extent by higher shrinkage stresses. The 
fact that stresses considerably decreased during the post-polymerization period suggests that 
mechanical loading should be limited during the first few hours after restoration. 
 
Polymerization shrinkage of resin composites may impair restoration longevity. It is hypothesized 
that layering, rather than bulk, techniques result in less stress in the tooth-restoration complex. The 
aim of the study described in Chapter 8 was to compare shrinkage stresses for different 
restorative techniques used for cusp-replacing restorations with direct resin composite. In a 3-D FE 
model, the dynamic process of shrinkage during polymerization was simulated. Time-dependent 
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parameters (shrinkage, apparent viscosity, Young's modulus, Poisson’s ratio, and resulting creep), 
which change during the polymerization process, were implemented. Six different restorative 
procedures were simulated: a chemically cured bulk technique, a light cured bulk technique, and 4 
light cured layering techniques. When polymerization shrinkage is considered, a chemically cured 
composite shows the least resulting stress. The differences seen among various layering build-up 
techniques were smaller than expected. The results indicate that the stress-bearing locations are 
the interface and the cervical part of the remaining cusp. 
 
The objective of the study described in Chapter 9 was to assess the fatigue resistance and failure 
behavior of cusp-replacing restorations in premolars using different types of adhesive restorative 
materials. A Class II cavity was prepared and the buccal cusp was removed in an extracted sound 
human upper premolar. By using a copy-milling machine this preparation was copied to 60 human 
upper premolars. In groups of 20 premolars each, direct resin composite restorations, indirect resin 
composite restorations and ceramic restorations were made. All restorations were cusp 
replacements made in standardized shape and with adhesive techniques. Cyclic load (5 Hz) was 
applied starting with a load of 200 N (10,000 cycles) followed by stages of 400 N, 600 N, 800 N 
and 1,000 N at a maximum of 50,000 cycles each. Samples were loaded until fracture or to 
210,000 cycles maximum. In case of fracture, the failure mode was recorded. No differences were 
seen in fracture strength between the three groups (Wilcoxon, p =0.16). No differences were 
observed with regard to failure mode above or below the cemento-enamel junction (chi-square, p 
=0.63). The indirect resin composite and ceramic restorations showed significantly more combined 
cohesive and adhesive fractures than the direct resin composite restorations, which showed more 
adhesive fractures (chi-square, p =0.03 and p =0.002). The results of this study suggest that 
ceramic, indirect resin composite and direct resin composite restorations provide comparable 
fatigue resistance and exhibit comparable failure modes in case of fracture, although the indirect 
restorations tend to fracture more cohesively than the direct restorations. 
 
The study presented in Chapter 10 assessed the fracture resistance and failure mode of fiber 
reinforced composite (FRC) cusp-replacing restorations in premolars. Forty-five extracted sound 
upper premolars were randomly divided into three groups. Identical MOD cavities with simulated 
buccal cusp fracture and height reduction of the palatal cusp were prepared. In Group A two layers 
of resin impregnated woven continuous FRC (EverStick Net) were applied. In Group B one layer of 
unidirectional continuous FRC (EverStick) was used. In Group C no fibers were applied (control). 
Subsequently, all teeth were restored with resin composite (Clearfil Photoposterior), subjected to 
thermocycling (6,000 x 5-55ºC) and static load tests. Load until fracture was registered for each 
tooth. Simultaneously, fracture propagation was monitored using acoustic emission analysis (AE). 
Failure modes were visually assessed. Weibull analysis revealed a characteristic strength and 
Weibull modulus (m) at 2364.8 N for Group A (m=8.9), 2437.9 N for Group B (m=5.9) and 2160.3 
N for Group C (m=13.6). Fracture loads were not significantly different (ANOVA, p >0.05). Teeth 
with FRC showed less fractures below the cemento-enamel junction (CEJ) (38% and 23% for 
Groups A and B respectively) than teeth without FRC (93%) (chi-square, p <0.05). The control 
group combined the highest initiation load for AE energy with the least acoustic signals. The 
results suggest that FRC does not increase fracture load of premolars with cusp-replacing 
restorations. However, FRC has a beneficial effect on the failure mode. Woven fibers give more 
consistent results than unidirectional fibers. 
 
In Chapter 11 details of the design of the clinical trial are described. The study was set up as a 
randomized clinical trial and primarily designed to test a number of hypotheses related to the 
clinical functioning of cusp-replacing resin composite restorations. Experimental variables were 
‘treatment technique’ (direct vs. indirect) and ‘operator’. Operator and treatment technique were 
randomly assigned. The cusp-replacing resin composite restorations were made following a strict 
protocol and data were recorded using special data forms. The present theses report the baseline 
findings and some details of the patients involved. 
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The study described in Chapter 12 assessed the short term clinical performance of direct and 
indirect cusp-replacing resin composite restorations. In 94 patients, 106 cusp-replacing 
restorations in upper premolars were made to restore Class II cavities with the buccal or palatal 
cusp missing. Fifty-four direct (Clearfil AP-X, SA primer and Clearfil PhotoBond, Kuraray) and 52 
indirect (Estenia and Panavia F, Kuraray) resin composite restorations were placed following a 
strict protocol. Treatment technique and operator were randomly assigned. Treatment time was 
registered for all restorations. Evaluation at baseline (one-month postoperative) included 
postoperative sensitivity and presence of occlusal and proximal contacts. Treatment time for the 
indirect technique (68 ± 17 min) was longer than for the direct technique (45 ± 13 min). Stepwise, 
backward regression analysis was performed to assess the influence of restorative method, 
operator and preparation outline on the total treatment time. After one month occlusal contacts 
were observed in 94% of the direct and in 98% of the indirect restorations (chi-square, p >0.05). 
Proximal contacts were present in 98% of the direct and in 97% of the indirect restorations (chi-
square, p >0.05). Postoperative sensitivity directly after treatment was reported for 11% of the 
direct restorations and for 13% of the indirect restorations and decreased to 4% and 6% 
respectively after 1 month (both chi-square, p >0.05). The one-month results of this study suggest 
that both direct and indirect adhesive bonded techniques are adequate to restore the morphology 
and function of premolars with a Class II cavity and a missing cusp. Based on the difference in 
treatment time, the direct technique is considered to be more cost-effective on the short term. 
 
 
Finally in Chapter 13 the findings of the different parts of this study in summary and the relations 
between the results are discussed. Some conclusions and suggestions for future research in this 
field are presented. With respect to clinical practice it can be recommended that the minimal 
invasive approach should be considered in case of cusp fracture of posterior teeth. The restorative 
procedure after cusp fracture is characterized by the removal of carious tooth tissue and grinding 
of a bevel; further preparation is omitted. At this stage there are no indications that the clinical 
behavior of direct and indirect cusp-replacing adhesive restorations will show large differences; 
until this point the preferences of the dentist and the patient dictate the restorative method of 
choice. We hope that the ongoing clinical study will provide failure data that put the findings of 
these theses in perspective with daily dental practice. 
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Hoofdstuk 1 geeft ter inleiding van dit proefschrift een kort literatuuroverzicht van de achtergrond 
van knobbelvervangende adhesieve restauraties als minimaal invasief behandelingsalternatief 
voor de conventionele kroon. De gebruikte onderzoeksmethoden worden in dit hoofdstuk 
beschreven. Daarnaast zijn ook de doelen van het onderzoek en een kort overzicht van dit 
proefschrift opgenomen. 
 
Hoofdstuk 2 beschrijft een onderzoek dat werd uitgevoerd om de kennis over de incidentie van 
knobbelfracturen van (pre)molaren in Nederlandse algemene praktijken te vergroten. Gedurende 
een periode van 3 maanden werden gegevens verkregen van 28 algemeen practici met in totaal 
46,394 patiënten. Voor elk nieuw geval van knobbelfractuur noteerden de tandartsen, met behulp 
van een standaard formulier, informatie met betrekking tot de locatie van de fractuur, de oorzaak 
van de fractuur en de restauratieve status van het element voorafgaand aan de knobbelfractuur. Er 
werden 238 gevallen van knobbelfractuur vastgelegd. De resultaten van dit onderzoek geven een 
incidentiecijfer aan van 20,5 knobbelfracturen per 1,000 persoonjaren. Molaren werden vaker met 
knobbelfractuur geregistreerd dan premolaren (79% t.o.v. 21%). Bovenmolaren lieten meer 
fracturen van buccale knobbels zien (66% t.o.v. 34%), terwijl ondermolaren meer fracturen van 
linguale knobbels lieten zien (75% t.o.v. 25%). Bijna 77% van de elementen had een 3- of 
meervlaks restauratie. Statistische analyse gaf aan dat er een positieve correlatie was tussen een 
ondergane endodontische behandeling en een subgingivale fractuur locatie. Kauwen werd het 
vaakst genoemd als oorzaak van fractuur (54%), hoewel men kan betwisten of de occusale 
belasting de oorzaak was of de directe aanleiding. Dit onderzoek wees uit dat knobbelfractuur een 
vaak voorkomend fenomeen is in de tandheelkundige praktijk en heeft verschillen laten zien in 
knobbelfractuur met betrekking tot het soort element en de restauratieve status van het element. 
Elementen met een endodontische behandeling zijn gevoelig voor ongunstige subgingivale locatie 
van de fractuur. 
 
Het doel van de in Hoofdstuk 3 beschreven studie was om de invloed te onderzoeken van een 
additionele schouderpreparatie op de breuksterkte van een knobbelvervangende directe 
composiet restauratie in een premolaar die voorheen een MOD amalgaam restauratie had, 
gevolgd door fractuur van een knobbel. Er werden twee preparatie ontwerpen getest. In 
geëxtraheerde gave premolaren werd een MOD amalgaam caviteit met een daarop volgende 
knobbelfractuur gesimuleerd (Groep A). Groep B was hetzelfde als Groep A maar met een 
toegevoegde schouder langs de cervicale outline van de preparatie. Als een controle groep werd 
knobbelfractuur gesimuleerd maar werden geen MOD amalgaam caviteiten geprepareerd. Voor 
elke groep werden 14 preparaties gemaakt met een kopieerfrees techniek. Alle 42 preparaties 
werden gerestaureerd met een directe composiet restauratie techniek. De restauraties werden 
belast tot falen. De breuksterkte van de preparaties met schouder was niet significant verschillend 
van de preparaties zonder de schouder. De breuksterkte van de preparaties in de referentie groep, 
die geen resistentie vorm hadden, was significant lager dan in Groepen A en B (ANOVA, p <0.05). 
De resultaten van dit in vitro onderzoek geven aan dat een additionele schouderpreparatie in een 
premolaar met een MOD amalgaam caviteitspreparatie en een gefractureerde knobbel, de 
breuksterkte van een  knobbelvervangende directe composiet restauratie niet verhoogd. 
 
Hoofdstuk 4 beschrijft een studie die als doel had om de invloed te onderzoeken van palatinale 
knobbeloverkapping op de in vitro vermoeiingsweerstand van Klasse II composiet restauraties met 
vervanging van de buccale knobbel in premolaren. Een voorbeeldmodel werd vervaardigd van een 
bovenpremolaar met een MOD amalgam caviteit en een gesimuleerde fractuur van de buccale 
knobbel van de isthmus bodem tot de glazuurcement grens. Met dezelfde kopieerfrees techniek 
als beschreven in Hoofdstuk 3 werd deze preparatie gekopieerd in 20 geëxtraheerde menselijke 
bovenpremolaren (Groep A). Vervolgens werd de palatinale knobbel 1,5 mm verlaagd; deze 
gemodificeerde preparatie werd gekopieerd in 20 additionele bovenpremolaren (Groep B). In alle 
elementen werden directe composiet restauraties vervaardigd. Cyclische belasting (5 Hz) werd 
aangebracht, beginnend met een belasting van 200 N (10.000 cycli), gevolgd door fasen van 400, 
600, 800 en 1.000 N tot maximaal 50.000 cycli elk. De proefmonsters werden belast tot falen of tot 
maximaal 210.000 cycli. Van de gerestaureerde premolaren van Groep A doorstond 20% alle 
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210.000 belastingscycli; voor Groep B was dit cijfer 55%. In Groep A eindigde 19% van de 
fracturen onder de glazuurcement grens; in Groep B 78%. Palatinale knobbeloverkapping 
verhoogde de vermoeiingsweerstand van Klasse II composiet restauraties met vervanging van de 
buccale knobbel in premolaren. Echter, fracturen van restauraties met knobbeloverkapping leidden 
tot meer dramatisch falen waardoor restauratie praktisch onmogelijk werd. Dit geeft aan dat 
terughoudendheid geïndiceerd is met betrekking tot het verlagen van overgebleven knobbels voor 
deze adhesieve restauraties in de klinische situatie. 
 
De ontwikkeling van een driedimensionaal eindige elementen model van een premolaar gebaseerd 
op een micro CT data-acquisitie techniek is beschreven in Hoofdstuk 5. De ontwikkeling van het 
model is onderdeel van een project dat het optimale ontwerp en geometrie van adhesieve 
tandkleurige knobbelvervangende restauraties onderzoekt. De premolaar werd gedigitaliseerd met 
een micro CT scanner met een resolutie van 13 m. De verschillende materialen werden 
aangegeven met omtreklijnen, waarna een 3-D eindige elementen netwerk werd opgebouwd met 
de omtreklijnen. Om het potentiële nut van het resulterende model aan te tonen, werd het 
toegepast op een knobbelvervangende composiet restauratie. De spanningspatronen die werden 
gegenereerd in het composiet materiaal waren werkelijk 3-D. Spanningsconcentraties werden 
gevonden op het oppervlak waar de belasting werd aangebracht en in de nabijheid van het 
dentine-composiet hechtvlak, waar het hechtvlak zijn complexe geometrie had. De beschreven 
procedure is een gemakkelijk methode om een zeer gedetailleerd 3-D FE model van een 
premolaar adhesieve knobbelvervangende restauratie te produceren. 
 
Het doel van de in Hoofdstuk 6 beschreven studie was om de resultaten van occlusale belasting 
van knobbelvervangende composiet restauraties, onderzocht met FE analyse en in vitro 
belastingsproeven, te onderzoeken en te vergelijken. Een 3-D FE model werd vervaardigd met een 
overeenkomstige opzet als een in vitro belastingsproef waarmee de vermoeiingsweerstand van 
bovenpremolaren met buccale knobbelvervangende composiet restauraties werd getest. Occlusale 
belasting werd aangebracht op twee geometriën (met en zonder palatinale knobbeloverkapping) 
en de spanningen werden berekend voor het elementrestauratie hechtvlak en voor het composiet 
materiaal. Vervolgens werden veiligheidsfactoren berekend door de strekte waarden van de 
materialen te delen door de verkregen spanningen. De hoogste veiligheidsfactoren werden 
waargenomen voor de restauraties met knobbeloverkapping. Dit kwam overeen met de 
belastingsproef waar knobbeloverkapping tot hogere breukweerstand leidde. Tevens voorspelde 
de FE analyse dat falen van het element-restauratie hechtvlak waarschijnlijker is dan falen van het 
composiet materiaal. De belastingsproef liet voornamelijk adhesief falen van de restauraties zien. 
Hoewel de beschreven onderzoeksmethoden niet tot een volledig begrip van het faalmechanisme 
leidden, kan worden geconcludeerd dat de FE analyse additionele informatie verschaft met 
betrekking tot de verschillen in breukgedrag van dit soort restauraties. 
 
Restauratie van tandheelkundige restauraties met composiet wordt bemoeilijkt door de krimp van 
het materiaal tijdens het polymerisatie proces. In het in Hoofdstuk 7 beschreven onderzoek werd 
het polymerisatie proces gesimuleerd in een gedetailleerd 3-D eindige elementen model van een 
menselijke bovenpremolaar met een knobbelvervangende restauratie. De verandering van de 
spanningspatronen tijdens polymerisatie werd geanalyseerd en het werd onderzocht of 
onmiddellijk falen van de restauratie waarschijnlijk was en zo ja, welke locaties in de restauratie 
het hoogste risico hebben en wat de implicaties van deze bevindingen zijn voor de praktijk. Het 
werd gevonden dat de spanningen toenamen tijdens polymerisatie en weer afnamen in de post-
polymerisatie fase. In het hechtvlak namen de trekspanningen meer af dan de schuifspanningen. 
De waarden van de spanningen in het composiet materiaal en in het hechtvlak waren lager dan de 
gerapporteerde strekte waarden, hetgeen aangeeft dat onmiddellijk falen onwaarschijnlijk is. De 
veiligheidsfactor met betrekking tot mechanisch falen van het hechtvlak was echter relatief laag, 
hetgeen aangeeft dat het hechtvlak tussen het composiet materiaal en het tandweefsel een hoger 
faalrisico heeft dan de bulk van de restauratie. Relaxatie van spanningen was minder effectief in 
locaties waar het oppervlak van het hechtvlak onregelmatig was. In de praktijk worden 
onregelmatige gebieden in het hechtvlak gebruikt om de retentie van de restauratie te verhogen. 
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Dit onderzoek geeft aan dat de verhoogde retentie tot op zekere hoogte wordt gecompromitteerd 
door hogere krimpspanningen. Het gegeven dat de spanningen aanzienlijk verminderen tijdens de 
postpolymerisatie periode suggereert dat mechanische belasting beperkt zou moeten worden in de 
eerste paar uren na restauratie. 
 
Polymerisatiekrimp van composiet kan een negatieve invloed hebben op de duurzaamheid van 
een restauratie. De hypothese is dat laagsgewijze opbouw, in plaats van bulk applicatie, resulteert 
in lagere spanningen in het elementrestauratie complex. Het doel van het in Hoofdstuk 8 
beschreven onderzoek was om krimpspanningen te vergelijken van verschillende restauratieve 
technieken die worden gebruikt voor knobbelvervangende restauraties met direct composiet. In 
een 3-D FE model werd het dynamische proces van krimp tijdens polymerisatie gesimuleerd. 
Tijdsafhankelijke parameters (krimp, viscositeit, Young's modulus, Poisson’s ratio en resulterende 
kruip) die veranderen tijdens het polymerisatie proces, werden geïmplementeerd. Zes 
verschillende restauratieve procedures werden gesimuleerd: een chemisch uithardende bulk 
techniek, een lichtuithardende bulk techniek en 4 lichtuithardende laagsgewijze technieken. 
Wanneer polymerisatiekrimp wordt beschouwd laat een chemisch uithardende composiet de 
laagste resulterende spanningen zien. De verschillen die werden waargenomen tussen de 
afzonderlijke laagsgewijze technieken waren kleiner dan verwacht. De resultaten geven aan dat de 
interface en het cervicale gedeelte van de overgebleven knobbel spanningsdragende locaties zijn, 
 
Het doel van de in Hoofdstuk 9 beschreven studie was om de vermoeiingsweerstand en het 
faalgedrag van knobbelvervangende restauraties in premolaren met verschillende soorten 
adhesieve restauratiematerialen te onderzoeken. In geëxtraheerde menselijke premolaren werd 
een Klasse II caviteit geprepareerd en de buccale knobbel verwijderd. Met een kopieerfrees 
techniek werd deze preparatie gekopieerd in 60 menselijke bovenpremolaren. In groepen van 20 
premolaren elk werden direct composiet, indirecte composiet en porseleinen restauraties 
vervaardigd. Alle knobbelvervangende restauraties werden vervaardigd in een gestandaardiseerde 
vorm met adhesieve technieken. Cyclische belasting (5 Hz) werd aangebracht beginnend met een 
belasting van 200 N (10.000 cycli) gevolgd door fasen van 400 N, 600 N, 800 N en 1.000 N tot 
maximaal 50.000 cycli elk. De proefmonsters werden belast tot falen of tot maximaal 210.000 cycli. 
In geval van breuk werd de faalwijze vastgelegd. Er werden geen verschillen waargenomen in 
breuksterkte tussen de drie groepen (Wilcoxon, p =0.16). Er werden geen verschillen 
waargenomen met betrekking tot falen boven of onder de glazuurcement grens (chi-square, p 
=0.63). De indirecte composiet en porseleinen restauraties lieten significant meer gecombineerd 
cohesieve en adhesieve fracturen zien dan de directe composiet restauraties, die meer adhesieve 
fracturen lieten zien (chi-square, p =0.03 and p =0.002). De resultaten van dit onderzoek geven 
aan dat porseleinen, indirecte composiet en directe composiet restauraties vergelijkbare 
vermoeiingsweerstand verschaffen en op een vergelijkbare wijze fractureren, hoewel de indirecte 
restauraties de neiging hadden meer cohesief te breken dan de directe restauraties. 
 
De in Hoofdstuk 10 beschreven studie onderzocht de breukweerstand en het faalgedrag van 
knobbelvervangende vezelversterkte composiet (FRC) restauraties in premolaren. Vijfenveertig 
gave bovenpremolaren werden willekeurig verdeeld in drie groepen. Identieke MOD caviteiten met 
gesimuleerde buccale knobbelfractuur en verlaagde palatinale knobbel werden geprepareerd. In 
Groep A werden twee lagen met kunsthars geïmpregneerde geweven continue FRC (EverStick 
Net) aangebracht. In Groep B werd één laag unidirectionele continue FRC (EverStick) gebruikt. In 
Groep C werden geen vezels aangebracht (controle). Vervolgens werden alle elementen 
gerestaureerd met composiet (Clearfil Photoposterior), blootgesteld aan thermocycling (6.000 x 5-
55ºC) en statische belastingsproeven. De belasting tot falen werd geregistreerd voor elk element. 
Tegelijkertijd werd de voortplanting van de breuk gevolgd met acoustische emissie analyse (AE). 
Faalwijzen werden visueel onderzocht. Weibull analyse gaf een karakteristieke sterkte en Weibull 
modulus (m) van 2364.8 N voor Groep A (m=8.9), 2437.9 N voor Groep B (m=5.9) en 2160.3 N 
voor Groep C (m=13.6). De faalkrachten waren niet significant verschillend (ANOVA, p >0.05). 
Elementen met FRC lieten minder fracturen onder de glazuurcement grens zien (38% and 23% 
voor Groepen A and B respectievelijk) dan elementen zonder FRC (93%) (chi-square, p <0.05). De 
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controle groep combineerde de hoogste initiatie kracht voor AE energie met de minste acoustische 
signalen. De resultaten geven aan dat FRC de faalbelasting van premolaren met 
knobbelvervangende restauraties niet verhoogd. FRC heeft echter een gunstig effect op de wijze 
van falen. Geweven vezels verschaffen consistentere resultaten dan unidirectionele vezels. 
 
In Hoofdstuk 11 zijn de details van het ontwerp van het klinische onderzoek beschreven. Het 
onderzoek was opgezet als een randomized clinical trial en voornamelijk ontworpen om een aantal 
hypothesen met betrekking tot het klinisch functioneren van knobbelvervangende composiet 
restauraties te testen. Experimentele variabelen waren ‘behandelingstechniek’ (direct t.o.v. 
indirect) en ‘operateur’. Operateur en behandelingstechniek werden willekeurig toegewezen. De 
knobbelvervangende composiet restauraties werden gemaakt volgens een strikt protocol. De 
gegevens werden opgenomen met speciale gegevensformulieren. In deze proefschriften worden  
de baseline bevindingen en enkele details van de betrokken patiënten beschreven. 
 
De in Hoofdstuk 12 beschreven studie onderzocht het korte termijn klinische functioneren van 
directe en indirecte knobbelvervangende composiet restauraties. In 94 patiënten werden 106 
knobbelvervangende restauraties in bovenpremolaren vervaardigd om Klasse II caviteiten met 
missende buccale of palatinale knobbel te restaureren. Vierenvijftig directe (Clearfil AP-X, SA 
primer en Clearfil PhotoBond, Kuraray) en 52 indirecte (Estenia and Panavia F, Kuraray) 
composiet restauraties werden geplaatst volgens een strikt protocol. Behandelingstechniek en 
operateur werden willekeurig toegewezen. Behandelingstijd werd geregistreerd voor alle 
restauraties. Baseline evaluatie (1-maand postoperatief) betrof postoperatieve gevoeligheid en 
aanwezigheid van causale en approximale contacten. Behandelingstijd voor de indirecte techniek 
(68 ± 17 min) was langer dan voor de directe techniek (45 ± 13 min). Een stapsgewijze regressie 
analyse werd uitgevoerd om de invloed te onderzoeken van restauratieve methode, operateur en 
preparatie outline op de totale behandelingstijd. Na 1 maand werden occlusale contacten 
waargenomen voor 94% van de directe en 98% van de indirecte restauraties (chi-square, p >0.05). 
Approximale contacten waren aanwezig bij 98% van de directe en 97% van de indirecte 
restauraties (chi-square, p >0.05). Postoperatieve gevoeligheid onmiddellijk na behandeling werd 
gerapporteerd voor 11% van de directe en voor 13% van de indirecte restauraties en verminderde 
tot 4% en 6% respectievelijk na 1 maand (beide chi-square, p >0.05). De 1-maands resultaten van 
dit onderzoek geven aan dat zowel directe als indirecte adhesieve technieken adequaat zijn om de 
morfologie en functie te herstellen van premolaren met een Klasse II caviteit en een missende 
knobbel. Gebaseerd op het verschil in behandelingstijd wordt de directe techniek als 
kosteneffectiever beschouwd op de korte termijn. 
 
Tot slot zijn de uitkomsten van de verschillende delen van het onderzoek in Hoofdstuk 13 in 
onderlinge samenhang besproken. Enkele conclusies en aanbevelingen voor verder onderzoek 
worden gepresenteerd. Met betrekking tot de praktijk kan het worden aanbevolen om de minimaal 
invasieve benadering te overwegen in geval van een afgebroken knobbel van een element in de 
zijdelingse delen. De restauratieve procedure na knobbelfractuur wordt gekenmerkt door de 
verwijdering van carieus tandweefsel en het prepareren van een bevel; van verdere preparatie 
wordt afgezien. De huidige stand van zaken is dat er geen aanwijzingen zijn dat directe en 
indirecte knobbelvervangende restauraties grote verschillen laten zien; tot dit moment bepalen de 
voorkeur van de tandarts en de patiënt welke methode de voorkeur heeft. Wij hopen dat het nog 
lopende klinisch onderzoek gegevens zal verschaffen die de bevindingen van deze proefschriften 
in perspectief plaatsen met de dagelijkse tandheelkundige praktijk. 
 
 
168
 
 
 
169
Appendix 1 
Patiënten gezocht! 
 
In het kader van klinisch onderzoek zijn wij op zoek naar patiënten met: 
• Afgebroken buccale of palatinale knobbel van een reeds eerder gerestaureerde 
bovenpremolaar. Deze knobbel mag inmiddels tijdelijk gerestaureerd zijn. 
• Bovenpremolaar met een (esthetisch) niet functionerende knobbelvervangende restauratie. 
• Elementen mogen niet endodontisch behandeld zijn! 
 
afgebroken 
knobbel 
          uitgebreide 
amalgaam
 restauratie 
tijdelijke 
restauratie 
 
 
 
 
 
Doel onderzoek: 
Klinische evaluatie van knobbelvervangende adhesieve restauraties. 
 
 
 
 
 
 
 
 
 
 
 voor behandeling    na behandeling 
Wij bieden: 
Gratis behandeling van de afgebroken kies. 
 
Ruud Kuijs Willem Fennis 
Preventieve en Curatieve Tandheelkunde Orale Functieleer 
r.kuijs@dent.umcn.nl w.fennis@dent.umcn.nl 
 
Philips van Leijdenlaan 25, 6525 EX Nijmegen 
                                            telefoon: 06 21 607 900 
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Appendix 2 
Informed consent 
 
Klinisch onderzoek naar de behandeling van afgebroken kiezen met behulp van 
witte vulmaterialen. 
 
In deze folder vindt u informatie over een nieuwe techniek om gebroken kiezen tandheelkundig te 
behandelen. Deze technieken gaan wij toepassen in een klinisch onderzoek van deze universiteit. Lees 
deze folder goed door zodat u een goede afweging kan maken over deelname aan het onderzoek. 
 
U bent naar de universiteit gekomen omdat er bij u een stuk van een kies is afgebroken. Een knobbel 
van een kies breekt meestal door plotseling op iets hards te bijten. Maar soms breekt deze ook zomaar 
of bij het eten van zacht voedsel. 
Tot nu toe was de meest gebruikelijke behandeling na zo’n knobbelbreuk het vervaardigen van een 
kroon. Tegenwoordig is het ook mogelijk witte vulmaterialen voor deze behandeling te gebruiken. Deze 
witte vullingen  worden verlijmd met het tandweefsel. Deze zogenaamde adhesieve technieken worden 
al langere tijd met succes toegepast bij het maken van kleinere vullingen en voor het repareren van 
afgebroken voortanden. 
Door deze adhesieve techniek te gebruiken is er minder noodzaak om te boren. Het grote voordeel 
hiervan is dat meer gezond tandmateriaal gespaard blijft. Tevens zorgt het gebruik van het witte 
vulmateriaal voor een esthetisch fraai resultaat. Door het gebruik van adhesieve technieken zal naar 
verwachting een behandeling door middel van een kroon in de meeste gevallen achterwege kunnen 
blijven. 
 
Doel van het onderzoek:  
Met dit onderzoek willen we het gedrag van grote knobbelvervangende vullingen beoordelen en de 
levensduur van dit soort vullingen vaststellen. Er worden twee behandelmethoden met elkaar 
vergeleken. Bij één methode wordt de vulling direct in de mond gemaakt. Bij de andere methode wordt 
de vulling buiten de mond gemaakt en in een tweede zitting op de tand vastgelijmd. 
 
De behandeling: 
De behandeling wordt gestart met het in kaart brengen van de situatie waarin uw gebit verkeert. Ook 
wordt er gekeken hoe het tandvlees en de betreffende kies er uit zien. Alle behandelingen zullen 
worden uitgevoerd door twee tandartsen. De computer bepaalt welke behandelmethode bij u toegepast 
wordt en door welke tandarts de behandeling uitgevoerd wordt. Bij beide technieken wordt eerst de 
oude vulling en eventueel aangetast tandmateriaal verwijderd (dit kan desgewenst verdoofd worden). 
Bij de directe methode wordt de vulling direct in de mond gemaakt en afgewerkt. Bij de indirecte 
methode wordt van de kies een afdruk en een tijdelijke vulling gemaakt. Na ongeveer twee weken 
wordt dan de definitieve vulling vastgelijmd. 
Bij de directe techniek zal de behandeling ongeveer 1 uur en 30 minuten duren. Bij de indirecte 
techniek  zal de eerste zitting zal ongeveer 1 uur duren, de tweede zitting ca. 30 minuten. 
Na circa een maand verwachten wij u terug op de universiteit voor een eerste controle. Daarna zult u 
gedurende 5 jaar, 1 keer per jaar opgeroepen worden voor controle. 
Er zijn geen kosten verbonden aan de behandeling. 
 
Directe gevolgen van de ingreep: 
Uit eerder onderzoek is gebleken dat de adhesieve technieken die toegepast worden in dit onderzoek 
geen nadelige gevolgen hebben voor de kies en het omringende tandvlees, anders dan bij de tot nu toe 
gebruikte technieken. Ook de kans op complicaties tijdens of na behandeling is vergelijkbaar. 
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Door het afbreken van een deel van de kies, loopt u altijd een risico op complicaties van de zenuw in de 
kies. Indien noodzakelijk, zullen wij ook de daarvoor benodigde behandeling uitvoeren. 
In het geval dat de door ons gemaakte vulling niet (meer) functioneert of andere klachten veroorzaakt 
zullen wij ons uiterste best doen dit te behandelen. Als de vulling niet blijkt te voldoen kan 
teruggegrepen worden op de tot nu gebruikelijke behandelmethoden aangezien er bijna niets van de 
kies weggeboord is. Mocht er dan toch een kroon nodig zijn dan betaalt u alleen de techniekkosten 
indien de behandeling in ons instituut uitgevoerd wordt. 
Indien u wilt meewerken aan het onderzoek is het van belang dat u dit schriftelijk kenbaar maakt door 
ondertekening van bijgaand formulier. Ondertekening van het formulier verplicht u tot niets, u kunt 
zich altijd terugtrekken uit het onderzoek. 
 
Indien er tijdens de behandeling onverhoopt iets mocht gebeuren dan is dat verzekerd via de 
collectieve practijkverzekering van het cluster Tandheelkunde. Voor wetenschappelijk onderzoek met 
risico’s, dan wel geringe of verwaarloosbare risico’s onderzoek is door het UMC St Radboud een 
verzekering afgesloten. Deze verzekering dekt de eventuele schade door letsel als gevolg van uw 
deelname aan het onderzoek en die zich openbaart gedurende deelname aan het onderzoek of binnen 5 
jaar ná deelname aan het onderzoek. De verzekering dekt schade tot een maximumbedrag van 1 miljoen 
gulden (met dienverstande dat een maximumbedrag van 20 miljoen gulden per verzekeringsjaar geldt 
voor alle onderzoeken die door het UMC St Radboud verricht worden).  
 
Door de verzekering wordt niet de schade gedekt: 
- die optreedt bij nakomelingen als gevolg van een nadelige inwerking van het onderzoek op uw 
genetisch (= erfelijk) materiaal; 
- waarvan op grond van de aard van het onderzoek (nagenoeg) zeker was dat deze zich zou voordoen; 
- die ook zou zijn opgetreden als u niet aan het onderzoek zou hebben deelgenomen. 
 
Om een recht op schadevergoeding niet te verliezen, is het belangrijk dat u zich zo goed mogelijk 
houdt aan de instructies en aanwijzingen van degene die bij u het onderzoek uitvoert. 
 
Als u denkt dat u door uw deelname aan het onderzoek schade hebt ondervonden, dan moet u dit zo 
snel mogelijk melden aan de hieronder genoemde verzekeraar of de onderzoeker die bij u het 
onderzoek uitvoert. U dient de verzekeraar alle benodigde informatie te verschaffen. Het niet 
nakomen van deze verplichting, kan leiden tot het niet vergoeden van de schade.  
 
Naam en adres van de verzekeraar: 
 
Akkermans van Elten Assurantiën BV 
Postbus 1275 
6501 BG Nijmegen 
Tel: 024 - 3511000 
contactpersoon: de heer A.J.M. Swildens  
 
Indien u een onafhankelijk tandarts wil raadplegen kunt u terecht bij uw eigen tandarts of bij Drs 
CCAJ Meijers (hoofd polikliniek), bereikbaar op nummer 024-3614126 
 
Willem Fennis, tandarts  Ruud Kuijs, tandarts 
sector Orale Functieleer sector Preventieve en Curatieve Tandheelkunde 
e-mail: W.Fennis@dent.umcn.nl e-mail: R.Kuijs@dent.umcn.nl 
 
Philips van Leijdenlaan 25, 6525 EX Nijmegen. Telefoon: 06 21 607 900 
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Appendix 3 
 
KNOBBELVERVANGENDE RESTAURATIES MBV ADHESIEVE TECHNIEKEN 
 
Agreement form 
 
Toestemmingsverklaring voor deelname aan het wetenschappelijk onderzoek: 
 
“Cuspreplacing adhesive restorations. A comparison of a direct with an indirect 
technique.” (Knobbelvervangende adhesieve restauraties. Een vergelijking tussen een 
directe en indirecte technieken) 
 
Ik ben naar tevredenheid over het onderzoek geïnformeerd. Ik heb de schriftelijke 
informatie (Kenmerk: patiëntinformatie) goed gelezen. Ik ben in de gelegenheid gesteld 
om vragen over het onderzoek te stellen. Mijn vragen zijn naar tevredenheid beantwoord. 
Ik heb goed over deelname aan het onderzoek kunnen nadenken. Ik heb het recht mijn 
toestemming op ieder moment weer in te trekken zonder dat ik daarvoor een reden behoef 
op te geven. 
 
Ik stem toe met deelname aan het onderzoek: 
 
Naam   : 
 
Geboortedatum : 
 
Handtekening :      Datum: 
 
Verklaring van de tandarts-onderzoeker: 
Ondergetekende verklaart dat de hierboven genoemde persoon zowel schriftelijk als 
mondeling over het bovenvermelde onderzoek is geïnformeerd. Hij/ zij verklaart tevens dat 
een voortijdige beëindiging van de deelname door bovengenoemde persoon, van geen 
enkele invloed zal zijn op de zorg die hem of haar toekomt. 
 
Naam   : 
Functie  : 
Handtekening :      Datum: 
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Appendix 4 
 
KNOBBELVERVANGENDE RESTAURATIES MBV ADHESIEVE TECHNIEKEN 
 
01: questionnaire 
naam patiënt:  ………………………………………………………………… 
 
patiënt nummer: 
 
geboortedatum 
 
datum:  
 
 
 
1. Had u last/ pijn van de kies voordat hij afbrak? 
 0 neen  ga naar vraag 4 
 1 ja  ga naar vraag 2 
2. Wanneer had u last/ pijn? (Meerder antwoorden mogelijk) 
 1 als er iets kouds of warms tegen de kies kwam 
 2 bij bijten 
 3 spontaan 
3. Hoevaak had u last 
 1 af en toe 
 2 continu 
4. Heeft u nu last/ pijn? 
 0 neen  ga naar vraag 7 
 1 ja  ga naar vraag 5 
5. Wanneer heeft u last/ pijn van? 
 1 als er iets kouds of warms tegen de kies komt 
 2 bij bijten 
 3 spontaan 
6. Hoevaak heeft u last 
 1 af en toe 
2 continu 
 
7. Heeft u een voorkeurzijde om te kauwen: 
 1 geen voorkeur 
 2 bij voorkeur rechts 
 3 bij voorkeur links 
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8. De kies is afgebroken: 
 1 tijdens eten van hard voedsel 
 2 tijdens eten van zacht voedsel 
 3 onbekend 
 4 anders nl…………………………………………………… 
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KNOBBELVERVANGENDE RESTAURATIES MBV ADHESIEVE TECHNIEKEN 
02: intake 
 
naam patiënt:  ………………………………………………………………… 
 
patiënt nummer: 
 
geboortedatum 
 
element: 
 
datum:  
 
beoordelaar: 
 
geslacht vrouw/ man 
 
Patiënt is normaal gesproken onder behandeling: 
  1 in het student onderwijs / polikliniek 
  2 bij een tandarts op faculteit 
  3 bij huistandarts 
 
 
Patiëntniveau 
1. Parafuncties: 
 1 geen bekend 
 2 knarsen 
 3 klemmen 
 4 andere: 
2. Mondhygiëne: 
 1 geen plaque zichtbaar 
 2 plaque zichtbaar langs gingiva rand 
 3 plaque op gladde vlakken 
 
Dentitieniveau 
3. A Gebitsstatus: 
 1 Welke elementen ontbreken: 
 2 ontbrekende elementen zijn vervangen door: 
  1 brug pontic, 2 frame, 3 KH plaat, 4 niets, 5 anders nl: 
3. B Antagonisten: element nr, (invullen in hokjes) 
restauratiemateriaal. (omcirkel aanwezige materiaal) 
 occlusaal: gaaf, amalgaam, composiet, glasionomeer, metaal, porselein, anders:………… 
 
 occlusaal: gaaf, amalgaam, composiet, glasionomeer, metaal, porselein, anders:………… 
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Elementniveau 
4. Element afgebroken: 
 1 vandaag 
 2 gisteren 
 3 korter dan een week geleden 
 4 langer dan een week geleden nl:…………………………………..weken 
 5 element behoort tot de groep ‘tijdelijk’ gerestaureerde knobbels 
  wanneer heeft die behandeling plaats gevonden (maand en jaar) 
5. Breuk is (tijdelijk) behandeld met: 
 0 niet behandeld 
 1 composiet 
 2 glasionomeer  
 3 anders:…………………………………………………………………………. 
6. Restauratie vlakken:(gerestaureerde vlakken omcirkelen) 
 M O D B L 
7. Oude restauratie nog aanwezig 
 0 niet aanwezig 
 1 gedeeltelijk aanwezig 
 2 geheel aanwezig 
8. Aanwezig restauratie materiaal 
 1 Amalgaam 
 2 Composiet 
 3 Glasionomeer 
 4 Metaal indirect 
5 Porselein 
9. Fractuur 
 1 boven gingiva 
2 onder gingival 
 
10. Is er slijtage zichtbaar op het element: 
 0 neen 
 1 ja, alleen in glazuur 
 2 ja, tot in dentine 
11. Is er slijtage zichtbaar op de nog aanwezige restauratie: 
 0 neen 
 1 ja 
12. Articulatie: 
 1 Hoektandgeleiding links 
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 2 Hoektandgeleiding rechts 
 3 Groepsgeleiding links 
 4 Groepsgeleiding rechts 
13. Attritie: 
 0 geen slijtage facetten zichtbaar 
 1 slijtage facetten zichtbaar in glazuur, alleen bij de cuspidaten 
 2 slijtage facetten zichtbaar in glazuur, bij meer elementen dan cuspidaten nl: front en of 
zijdelings 
 3 slijtage facetten zichtbaar tot in dentine alleen bij de cuspidaten 
 4 slijtage facetten zichtbaar tot in dentine, bij meer elementen dan cuspidaten nl: front en of 
zijdelings. 
14. Is er slijtage zichtbaar op de antagonist 1: 
 0 neen 
 1 ja, alleen in glazuur 
 2 ja, tot in dentine 
 3 ja, op restauratie 
 
15. Is er slijtage zichtbaar op de antagonist 2: 
 0 neen 
 1 ja, alleen in glazuur 
 2 ja, tot in dentine 
 3 ja, op restauratie 
16. Is er cariës aanwezig in het behandelde element 
 0 neen 
 1 ja, cariës aanwezig. locatie:……………………. 
17. Pulpa expositie 
 0 nee 
 1 ja 
18. Mobiliteit element: 
 0 fysiologische mobiliteit 
 1 arpa 1 
 2 arpa 2 
19. Mobiliteit antagonisten: 
 0 fysiologische mobiliteit 
 1 arpa 1 
 2 arpa 2 
20. Parodontale toestand element: 
 0 diepste pocket 4mm of minder 
 1 diepste pocket dieper dan 4 mm 
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KNOBBELVERVANGENDE RESTAURATIES MBV ADHESIEVE TECHNIEKEN 
03: treatment form direct technique 
 
naam patiënt:  ………………………………………………………………… 
 
patiënt nummer: 
 
geboortedatum 
 
element: 
 
datum:  
 
behandelaar: 
 
 
 
1. A. Zijn er fractuurlijnen zichtbaar / aanwezig in het element(beoordeeld met transilluminatie): 
 0 neen 
 1 voor het prepareren 
 2 na het prepareren 
 3 na het restaureren 
 
 B. Geef de lokatie van de fractuurlijnen aan 
  1 cervicaal ter hoogte van glazuur-cement grens richting: horizontaal 
  2 halverwege knobbel richting: horizontaal 
  3 in verticale richting 
  4 in de preparatie op de step-box bodem 
 
fractuurlijnen aangeven op bijgevoegde tekening. 
2. Ligt de outline van de preparatie boven of onder de gingiva: 
 1 mesiale box boven / onder 
 2 distale box boven / onder 
 3 cervicaal; buccaal /palatinaal boven / onder 
3. Is er nog glazuur aanwezig na preparatie: 
 1 cervicaal mesiale box ja /nee 
 2 cervicaal distale box ja /nee 
 3 cervicaal; buccaal /palatinaal ja /nee 
4. Was er caries aanwezig: 
 1 mesiale box ja /nee 
 2 distale box ja /nee 
 3 occlusaal, step ja /nee 
 4 cervicaal; buccaal /palatinaal ja /nee 
 5 caries tot in de pulpa ja /nee indien ja: endo starten 
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5. Reageert element vitaal tijdens prepareren: 
 0 neen (beantwoord vraag 6) 
 1 ja 
6. Behandeling naar aanleiding van niet vitaal reageren van het element: 
0 rontgenfoto; geen extra behandeling 
1 element is in het verleden al endodontisch behandeld 
2 rontgenfoto, endodontische behandeling gestart / uitgevoerd 
7. Tijd nodig voor de verschillende onderdelen van de behandeling: 
 1 preparatie afgerond .............minuten 
 2 droog leggen .............minuten 
 3 aanbrengen matrix en wiggen .............minuten 
 5 aanbrengen restauratie .............minuten 
 6 afwerken van de restauratie .............minuten 
8. Occlusie: 
 0 geen occlusie 
 1 occlusie op element 
 2 occlusie op restauratie 
 3 occlusie op beide 
9. Articulatie 
 0 geen articulatie 
 1 articulatie alleen op element 
 2 articulatie alleen op restauratie 
 3 articulatie op element en restauratie 
10. Contactpunt met het buurelement, te beoordelen met floss: 
mesiaal:  distaal:  
 0 wel contactpunt 0 wel contactpunt 
 1 geen contactpunt 1 geen contactpunt 
 2 geen buurelement aanwezig 2 geen buurelement aanwezig 
11. Restauratie vlakken nieuwe restauratie:(gerestaureerde vlakken omcirkelen) 
 M O D B L 
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KNOBBELVERVANGENDE RESTAURATIES MBV ADHESIEVE TECHNIEKEN 
04: treatment form indirect technique (cavity preparation)  
 
naam patiënt:  ………………………………………………………………… 
 
patiënt nummer: 
 
geboortedatum 
 
element: 
 
datum:  
 
behandelaar: 
 
 
 
1. A Zijn er scheuren c.q. barsten zichtbaar / aanwezig in het element(beoordeeld met 
transilluminatie): 
 0 neen 
 1 voor het prepareren 
 2 na het prepareren 
 
 B. Geef de lokatie van de fractuurlijnen aan 
  1 cervicaal ter hoogte van glazuur-cement grens richting: mesiaaldistaal 
  2 halverwege knobbel richting: mesiaaldistaal 
  3 in verticale richting 
  4 in de preparatie op de step-box bodem 
 
fractuurlijnen aangeven op bijgevoegde tekening. 
2. Ligt de outline van de preparatie boven of onder de gingiva: 
 1 mesiale box boven / onder 
 2 distale box boven / onder 
 3 cervicaal; buccaal /palatinaal boven / onder 
3. Is er nog glazuur aanwezig na preparatie: 
 1 cervicaal mesiale box ja /nee 
 2 cervicaal distale box ja /nee 
 3 cervicaal; buccaal /palatinaal ja /nee 
4. Was er caries aanwezig: 
 1 mesiale box ja /nee 
 2 distale box ja /nee 
 3 occlusaal, step ja /nee 
 4 cervicaal; buccaal /palatinaal ja /nee 
 5 caries tot in de pulpa ja /nee indien ja: endo starten 
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5. Reageert element vitaal tijdens prepareren: 
 0 neen (beantwoord vraag 6) 
 1 ja 
6. Behandeling naar aanleiding van niet vitaal reageren van het element: 
0 rontgenfoto; geen extra behandeling 
1 element is in het verleden al endodontisch behandeld 
2 rontgenfoto, endodontische behandeling gestart / uitgevoerd 
7. Is er composiet aan gebracht als basing 
 0 neen 
 1 ja 
8. Tijd nodig voor de verschillende onderdelen van de behandeling: 
 1 preparatie afgerond .............minuten 
 2 aanbrengen composiet basing .............minuten 
 3 afdruk procedure .............minuten 
 4 vervaardigen en plaatsen van noodvoorziening .............minuten 
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KNOBBELVERVANGENDE RESTAURATIES MBV ADHESIEVE TECHNIEKEN 
05: treatment form indirect technique (luting of the restoration) 
 
naam patiënt:  ………………………………………………………………… 
 
patiënt nummer: 
 
geboortedatum 
 
element: 
 
datum:  
 
behandelaar: 
 
 
1. A Zijn er scheuren c.q. barsten zichtbaar / aanwezig in het element: 
 0 neen 
 1 voor het restaureren 
 2 na het restaureren 
 
 B. Geef de lokatie van de fractuurlijnen aan 
  1 cervicaal ter hoogte van glazuur-cement grens richting: horizontaal 
  2 halverwege knobbel richting: horizontaal 
  3 in verticale richting 
  4 in de preparatie op de step-box bodem 
  5 anders nl: 
 
2. Tijd nodig voor de verschillende onderdelen van de behandeling: 
 1 passen restauratie/reiniging van preparatie .............minuten 
 2 plaatsen restauratie (cementeren)  .............minuten 
 3 afwerken van de restauratie(o.a. cement verwijderen)  .............minuten 
3. Komt de restauratie op zijn plaats? 
 0 ja, in 1x zonder te slijpen 
 1 ja, na enig slijpen aan de buitenkant van de restauratie  
 2 ja, na veel slijpen aan de buitenkant van de restauratie 
 3 ja, na enig slijpen aan de binnenkant van de restauratie  
 4 ja, na veel slijpen aan de binnenkant van de restauratie 
 5 neen 
4. Occlusie: 
 0 geen occlusie 
 1 occlusie op element 
 2 occlusie op restauratie 
 3 occlusie op beide 
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5. Articulatie 
 0 geen articulatie 
 1 articulatie alleen op element 
 2 articulatie alleen op restauratie 
 3 articulatie op element en restauratie 
6. Contactpunt met het buurelement, te beoordelen met floss: 
mesiaal:  distaal:  
 0 wel contactpunt 0 wel contactpunt 
 1 geen contactpunt 1 geen contactpunt 
 2 geen buurelement aanwezig 2 geen buurelement aanwezig 
7. Restauratie vlakken:(gerestaureerde vlakken omcirkelen) 
 M O D B L 
8.  Instructies aan het laboratorium (meerdere antwoorden mogelijk)? 
 1 geen, restauratie is goed 
 2 kleur aanpassen 
 3 vorm restauratie aanpassen 
 4 geheel nieuwe restauratie vervaardigen op oude afdruk 
 5 geheel nieuwe restauratie vervaardigen op nieuwe afdruk 
 6 anders nl: …………………………………………………………………………………………………………………… 
9. Indien restauratie terug gestuurd wordt, wel stoeltijd registreren nl .............minuten. 
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KNOBBELVERVANGENDE RESTAURATIES MBV ADHESIEVE TECHNIEKEN 
06: the patient’s judment (after 1 month) 
 
naam patiënt:  ………………………………………………………………… 
 
patiënt nummer: 
 
geboortedatum 
 
element: 
 
datum:  
 
beoordelaar: 
 
 
 
1. Heeft u last/ pijn gehad na de behandeling? 
 1 neen ga naar vraag 5 
 2 ja beantwoord vraag 2 
2. Hoelang heeft u last gehad? 
 1 1 dag 
 2 2 dagen 
 3 1 week 
 4 2 weken 
 5 langer nl......................weken 
 6 nog steeds last 
3. Wanneer had u last/ pijn? (meerdere antwoorden mogelijk) 
 1 als er iets kouds of warms tegen de kies kwam 
 2 bij bijten 
 3 spontaan  
4. Hoe vaak had u last/ pijn? 
 1 af en toe 
 2 continu 
5. Heeft u nu last? 
 1 neen (ga naar vraag8) 
 2 ja 
6. Wanneer heeft u last/ pijn? (meerdere antwoorden mogelijk) 
 1 als er iets kouds of warms tegen de kies komt 
 2 bij bijten 
 3 spontaan  
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7. Hoe vaak heeft u last/ pijn? 
 1 af en toe 
 2 continu 
8. Heeft u een voorkeurszijde om te kauwen: 
 1 geen voorkeur 
 2 rechts 
 3 links 
9. Bent U tevreden over de restauratie/vulling? 
Geeft U de restauratie een rapport cijfer waarbij 1 zeer ontevreden is en 10 zeer tevreden 
 
Functie 
 
 zeer 1 2 3 4 5 6 7 8 9 10 zeer 
 ontevreden           tevreden 
 
Kleur 
 zeer 1 2 3 4 5 6 7 8 9 10 zeer 
 ontevreden           tevreden 
 
Vorm 
 zeer 1 2 3 4 5 6 7 8 9 10 zeer 
 ontevreden           tevreden 
 
 
Ondergaan van de behandeling 
 
 zwaar 1 2 3 4 5 6 7 8 9 10 makkelijk  
 
Ruimte voor opmerkingen: 
……………………………………………………………………………………………………………………………………………………………………………………………
……………………………………………………………………………………………………………………………………………………………………………………………
…………………… 
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KNOBBELVERVANGENDE RESTAURATIES MBV ADHESIEVE TECHNIEKEN 
07: short term evaluation (1 month after treatment) 
 
naam patiënt:  ………………………………………………………………… 
 
patiënt nummer: 
 
geboortedatum 
 
element: 
 
datum:  
 
beoordelaar: 
 
 
 
1. Mondhygiëne: 
 1 geen plaque zichtbaar 
2 plaque zichtbaar langs gingiva rand 
3 plaque zichtbaar op gladde vlakken 
2. Occlusie: 
 0 geen occlusie 
 1 occlusie op element 
 2 occlusie op restauratie 
 3 occlusie op beide 
3. Articulatie 
 0 geen articulatie 
 1 articulatie alleen op element 
 2 articulatie alleen op restauratie 
 3 articulatie op element en restauratie 
4. Contactpunt met het buurelement, te meten met floss: 
mesiaal:  distaal:  
 0 wel contactpunt 0 wel contactpunt 
 1 geen contactpunt 1 geen contactpunt 
 2 geen buurelement aanwezig 2 geen buurelement aanwezig 
 
 
5. Mobiliteit element: 
 1 fysiologische mobiliteit 
 2 arpa 1 
 3 arpa 2 
 4 arpa 3 
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6. Mobiliteit antagonisten: 
 1 fysiologische mobiliteit 
 2 arpa 1 
 3 arpa 2 
 4 arpa 3 
7. Parodontale toestand element: 
 1 diepste pocket 4mm of minder 
 2 diepste pocket dieper dan 4 mm 
8. Toestand van de restauratie? 
 0 restauratie in orde. 
 1 restauratie verder afgewerkt. Occlusie / articulatie aangepast 
2 restauratie of element vertonen kleine veranderingen (ingrijpen niet nodig, ga naar vraag 9) 
oa;randbreuk, randverkleuring, chipping van de restauratie, fractuurlijnen in element 
 3 restauratie niet in orde (ingrijpen nodig, faalformulier invullen) 
 4 element niet in orde (ingrijpen nodig, faalformulier invullen) 
 5 restauratie en element niet in orde (ingrijpen nodig, faalformulier invullen) 
oa;randbreuk, randverkleuring, chipping van de restauratie, deel van restauratie af gebroken, gehele 
restauratie zit los / is eruit, caries. 
9. Registreer de veranderingen, zie tekeningen 
Randverkleuring 
 1 Occlusale outline 
 2 Opstaande wand mesiaal en of distaal 
 3 Cervicaal,approximaal 
 4 Cervicaal, buccaal of palatinaal 
Randbreuk 
 1 Occlusale outline 
 2 Opstaande wand mesiaal en of distaal 
 3 Cervicaal,approximaal 
 4 Cervicaal, buccaal of palatinaal 
Chipping 
 1 adhesief, klein 
 3 cohesief, klein 
Slijtage 
Fractuurlijnen 
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KNOBBELVERVANGENDE RESTAURATIES MBV ADHESIEVE TECHNIEKEN 
08: long-term evaluation (… years after treatment) 
 
naam patiënt:  ………………………………………………………………… 
 
patiënt nummer: 
 
geboortedatum 
 
element: 
 
datum:  
 
beoordelaar: 
 
 
1. Heeft u last/ pijn van de kies gehad? 
 0 neen  ga naar vraag 4 
 1 ja  ga naar vraag 2 
2. Mondhygiëne: 
 1 geen plaque zichtbaar 
 2 plaque zichtbaar langs gingiva rand 
 3 plaque zichtbaar op gladde vlakken 
3. Occlusie: 
 0 geen occlusie 
 1 occlusie op element 
 2 occlusie op restauratie 
 3 occlusie op beide 
4. Articulatie 
 0 geen articulatie 
 1 articulatie alleen op element 
 
 2 articulatie alleen op restauratie 
 3 articulatie op element en restauratie 
5. Is er slijtage zichtbaar op het behandelde element: 
 0 neen 
1 ja 
 
6. Is er slijtage zichtbaar op een aanwezige restauratie: 
 0 neen 
 1 ja 
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7. Is er slijtage zichtbaar op de antagonisten: 
 0 neen 
 1 ja 
8. Is er slijtage zichtbaar op antagonist restauratie: 
 0 neen 
 1 ja 
9. Contactpunt met het buurelement, te meten met floss: 
mesiaal:  distaal:  
 0 wel contactpunt 0 wel contactpunt 
 1 geen contactpunt 1 geen contactpunt 
 2 geen buurelement aanwezig 2 geen buurelement aanwezig 
10. Mobiliteit element: 
 1 fysiologische mobiliteit 
 2 arpa 1 
 3 arpa 2 
 4 arpa 3 
11. Mobiliteit antagonisten: 
 1 fysiologische mobiliteit 
 2 arpa 1 
 3 arpa 2 
 4 arpa 3 
12. Parodontale toestand element: 
 1 diepste pocket 4mm of minder 
 2 diepste pocket dieper dan 4 mm 
13. Toestand van de restauratie? 
 0 restauratie in orde. 
 1 restauratie of element vertonen kleine veranderingen(ingrijpen niet nodig, ga naar 0vraag 16) 
oa;randbreuk, randverkleuring, chipping van de restauratie, fractuurlijnen in element 
 2 restauratie niet in orde (ingrijpen nodig, faalformulier invullen) 
 3 element niet in orde (ingrijpen nodig, faalformulier invullen) 
 4 restauratie en element niet in orde (ingrijpen nodig, faalformulier invullen) 
oa;randbreuk, randverkleuring, chipping van de restauratie, deel van restauratie af gebroken, gehele 
restauratie zit los / is eruit, caries. 
14. Registreer de veranderingen, zie tekeningen 
Randverkleuring 
 1 Occlusale outline 
 2 Opstaande wand mesiaal en of distaal 
 3 Cervicaal,approximaal 
 4 Cervicaal, buccaal of palatinaal 
Randbreuk 
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 1 Occlusale outline 
 2 Opstaande wand mesiaal en of distaal 
 3 Cervicaal,approximaal 
 4 Cervicaal, buccaal of palatinaal 
Chipping 
 1 adhesief, klein 
 3 cohesief, klein 
Slijtage 
Fractuurlijnen 
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KNOBBELVERVANGENDE RESTAURATIES MBV ADHESIEVE TECHNIEKEN 
09: failure form 
 
naam patiënt:  ………………………………………………………………… 
 
patiënt nummer: 
 
geboortedatum 
 
element: 
 
datum:  
 
behandelaar: 
 
 
 
1. Reden van invullen van faalformulier 
 1 probleem naar aanleiding van evaluatie (ga naar vraag 4) 
 2 klacht van de patient (ga naar vraag 2) 
2. Hoelang bestaat de klacht 
 1 korter dan 1 week 
 2 1 week 
 3 2 weken 
 4 langer nl: …………………………………………………. 
3. Conclusie na klinisch onderzoek (meerdere antwoorden mogelijk): 
 1 randbreuk (lokatie 0, 1, 2, 3, 4) 
 2 randverkleuring (lokatie 0 1, 2, 3, 4) 
 3 of gehele restauratie afgebroken/chipping (score 0, 1, 2, 3, 4,5) 
 4 deel van element afgebroken (score 0, 1, 2, 3) 
 5 cariës in het element, niet in contact met restauratie nee /ja 
 6 cariës in het element, in contact met de restauratie (lokatie 0, 1, 2, 3, 4) 
 7 slijtage (score 1, 2, 3) 
 8 pijn klachten nl:………………………………………. nee /ja 
 9 anders nl:….………………………………………………. nee /ja 
 
Lokaties aangeven op bijgevoegde tekeningen 
 
4. Therapie (meerdere antwoorden mogelijk)? 
 1 restauratie gerepareerd met composiet 
 2 restauratie opnieuw vastgezet 
 3 nieuwe restauratie gemaakt,direct 
 4 nieuwe restauratie gemaakt,direct 
 5 endodontische behandeling 
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 6 cariës behandeld, niet in contact met de restauratie 
 7 cariës behandeld, wel in contact met de restauratie 
 8 occlusie / articulatie ingeslepen 
 9 anders:………………………………………………………………………………………………………………………………………. 
5. Onderzoek vervolg? 
 0 restauratie blijft in onderzoek 
 1 restauratie uit onderzoek 
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